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Ion beam erosion of solid surfaces is known to produce a variety of surface morpholo-
gies, such as pits, mounds or crests. Very often self-organized patterns composed of
highly correlated arrays of dots or ripples at sub-micrometer and nanometer length
scale could be obtained. Ion beam erosion patterning have demonstrated the poten-
tial to tailor related surface properties for optoelectronic and spintronic applications,
such as modulated photoemission induced by quantum confinement of nanodots and
magnetic anisotropy induced by nanoripples. On the other hand, one considerable
practical importance and effect of ion beam erosion is that of surface smoothing
of nanometer features, during etching or film deposition coincident with energetic
species. In my dissertation, systematic investigations of ripple formation and smooth-
ing during low energy Ar+ ion erosion of sapphire surfaces using synchrotron grazing
incidence small angle x-ray scattering and atomic force microscopy are performed. It
is found in the pattern formation that the wavelength of ripples can be varied over a
remarkably wide range by changing the ion incidence angle. The ion induced viscous
flow smoothing mechanism explains the general trends of the ripple wavelength at
low temperature and incidence angles larger than 30◦. The behavior at high temper-
atures suggests relaxation by surface diffusion. However, strong smoothing is inferred
from the observed ripple wavelength near normal incidence, which is not consistent
with either surface diffusion or viscous flow relaxation. Furthermore, a real-time x-
ray scattering experiment is presented showing that ion smoothing of a pre-patterned
surface near normal incidence is consistent with the effect of a collision-induced lat-
eral current. Quantitative agreement is obtained using ion-collision simulations to
compute the magnitude of the surface current. The results lead to predictions for the
surface morphology phase diagram as a function of ion beam energy and incidence
angle that substantially agree with experimental observations. The ion-induced lat-
eral current smoothing model is applicable to many surfaces that become amorphous
but maintain the stoichiometry of bulk materials during ion bombardment.
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The exploitations of novel functionalities of materials systems (electronic, magnetic,
optical or biological) at nanometer length scale are much more limited by those ap-
proaches to fabricate highly ordered patterns as the size scale of device features be-
comes ever smaller. The conventional optical lithographic processes used to pattern
micron/submicron features on surfaces, so called ”top-down” approaches, come to
reach cost limitations and technological obstacles caused by the inherent diffraction
limit of photon wavelength in use. Alternative ways, so called ”bottom up” ap-
proaches, are the use of inherent thermodynamic and externally activated kinetic
characteristics of materials systems to generate regular patterns of nanoscle features
without lithographic masks. Ion beam erosion patterning, which represents nanoscale
surface morphologies spontaneously developing from uniform ion bombardment of an
initially flat surface in a non-equilibrium self-organization process, is one of the most
important techniques among bottom up approaches.
As a widely used experimental technique to remove materials from the surface
1
through the collision of energetic particles with solid substrates, ion beam erosion
is routinely used in surface analysis, depth profiling, surface cleaning, micromachin-
ing. (Carter 2001) Furthermore, many experimental evidences indicate that ion beam
erosion can roughen the surface and produced various surface morphologies, such as
pits, mounds or crests. Depending on the property of the eroded substrates and
the erosion conditions, it is even able to create some surprisingly ordered submir-
con/nanoscale features like dots/ripples on the surface. As shown in Figure 1.1, highly
ordered ripple and dot patterns with lateral features size at submicron/nanoscale are
formed on the surfaces of various substrates, such as Si, Ge, SiO2, GaSb, InP, Ag
and Pt. (Brown and Erlebacher 2005; Ziberi, Frost, and Rauschenbach 2006; Um-
bach, Headrick, and Chang 2001; Facsko, Dekorsy, Koerdt, Trappe, Kurz, Vogt, and
Hartnagel 1999; Allmers, Donath, and Rangelov 2006; Malherbe 2003; Rusponi, Bor-
agno, and Valbusa 1997; Hansen, Redinger, Messlinger, Stoian, Rosandi, Urbassek,
Linke, and Michely 2006) The widely accepted theoretical framework for these phe-
nomenon is that the competition between roughening induced by atom removal and
diffusive surface smoothing mechanisms gives rise to the spontaneous buildup of a
self-organized regular pattern. In the comprehensive literature review of my disser-
tation, section1.2 is dedicated to a brief overview of the experimental observations
on surface morphology evolution, especially ripple formation, under ion beam ero-
sion. A summary of the theoretical approaches developed to describe the ion beam
erosion-induced ripple pattern formation is presented in section 1.3. This section





Figure 1.1: Surface morphologies produced by ion beam erosion patterning on var-
ious substrates. (a) AFM of ion-eroded Si(111) surface from Brown and Erlebacher
2005. The AFM scan size is 8 µm × 8 µm. (b) Ion-eroded Ge(001) surface from
Ziberi et al. 2006. The AFM scan size is 1.5 µm × 1.5 µm. (c) Ion-eroded SiO2
surface from Umbach et al. 2001. The AFM scan size is 0.5 µm × 0.5 µm. The wave
vectors of highly aligned ripples in (a)-(c) are all parallel to the direction of incoming
ion beams. (d) Nanodots on GaSb fabricated by normal-incidence ion beam erosion
from Facsko et al. 1999. The image size is 0.5 µm × 0.5 µm. Hexagonal ordered dot
size is as small as 15 nm.
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1.2 Experimental results
It has been known for decades that oblique incidence ion beam erosion produces peri-
odic height undulations on the surface of amorphous solids. (Bradley and Harper 1988)
With the development of high resolution observation techniques such as atomic force
microscopy (AFM) in real space and scattering techniques (x-ray and light scattering)
in reciprocal space, numerous systematic and quantitative investigations regarding the
ripple characteristic and dynamics of ripple formation had been conducted on various
substrates including metals, semiconductors, and insulators. I summarize the vast
body of the important experimental literatures on this subject according to a catalog
of those representative experimental features used to characterize behaviors of ripple
pattern formation.
1.2.1 Angle of incidence
An experimental parameter to which ion beam eroded surface morphologies are very
sensitive is the angle of incidence, θ, of the incoming ions with respect to the normal
of the average surface height. From the early stage of development of this subject,
many research groups have studied the dependence of ripple behavior on the angle
of incidence. Most results indicate that ripple patterns appear only within a limited
range of angles of incidence, which vary between 30◦ and 70◦.
Stevie et al. observed that the onset of ripple morphology development in exper-
iments on 6 and 8 keV O+2 erosion of Si(001) and 2.5, 5.5, and 8 keV O
+
2 erosion
of GaAs(100) take place only at angles of incidence between 39◦ and 52◦. (Stevie,
Kahora, Simons, and Chi 1988) These results were further confirmed by Karen et
al., who found that ripple formation on GaAs by ion beam erosion of 10.5 keV O+2
takes place at angles of incidence between 30◦ and 60◦. (Karen, Okuno, Soeda, and
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Ishitani 1991; Karen, Nakagawa, Hatada, Okuno, Soeda, and Ishitani 1995) Similarly,
Wittmaack found that ripple formation on Si surface under bombardment with 10
keV O+2 occurs only at angles of incidence between 32
◦ and 58◦. (Wittmaack 1990)
Alkemade indicated that no ripples appear on ion-eroded SiO2 by 30 keV Ga
+ if θ <
35◦. (Alkemade 2006) Mishra et al. found in the study of erosion of Al films with 16.7
keV O+2 ion beams that the ripple morphology does not develop at angles of incidence
smaller than 30◦. (Mishra and Ghose 2006) Carter et al. investigated in depth on this
well defined window of angles of incidence for ripple formation. (Carter and Vish-
nyakov 1996) They confirmed that no ripple production occurs for Xe+ ion-eroded
Si with energies from 10 to 40 keV at angles of incidence between 0◦ and 40◦, and
only little roughening is observed on the surface. The authors proposed a qualitative
explanation that collision recoil-induced atom displacement parallel to the surface
can act as a surface smoothing process to produce an non-ripple region at a certain
range of angles of incidence.
However, Ziberi et al. found exceptionally that highly order ripple patterns occur
surprisingly on 2 keV Xe+ ion-eroded Si and Ge surfaces at angles of incidence from
5◦ to 30◦. (Ziberi, Frost, and Rauschenbach 2006) Ripple patterns disappear and
the surface gets smoothed between 30◦ and 60◦. Certain patterns evolve again on
the surface at incidence angles above 60◦. The authors did not provide a reasonable
explanation for this unusual behavior.
1.2.2 Temperature dependence
Substrate temperature (T) during ion beam erosion is another important parameter
found to influence the ripple formation behavior, especially the ripple wavelength.
Two representative behaviors have been noted: the ripple wavelength keeps constant
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at low temperature region, while the ripple wavelength has an exponential dependence
on T at high temperature region.
In experiments by Carter et al, ion beam erosion of Si with highly energetic 10-40
keV Xe+ produced ripple patterns with wavelength about 400 nm at the angle of inci-
dence 45◦. (Carter and Vishnyakov 1996) The ripple wavelength did not change when
changing the surface temperature from 100 K to 300 K. MacLaren et al studied GaAs
surface eroded by 17.5 keV Cs+ ion beams and found that the ripple wavelength does
not decrease continuously, but stabilizes at a constant value when the temperature is
lower than 333 K. (MacLaren, Baker, Finnegan, and Loxton 1992) These observations
led the authors to conclude that the dominant surface smoothing mechanism at low
temperature region is not of thermal origin.
Erlebacher et al found in their study of ripple formation on ion-eroded Si(001)
that the ripple wavelength follows the Arrhenius law (1/T 1/2)exp(-∆E/2kBT ) at
T between 773 K and 873 K. (Erlebacher, Aziz, Chason, Sinclair, and Floro 1999)
Similarly, Umbach et al found that the ripple wavelength of ion-eroded SiO2 by 0.5-
2 keV Ar ion beams is independent of temperature at T < 473 K and exponential
dependent of temperature at T > 673 K, which indicates the thermally activated
character of the dominant smoothing mechanism at high temperatures. (Umbach,
Headrick, and Chang 2001)
1.2.3 Ion energy
In the theory of sputtering, the primary energy of ion beams is often related to the
ion penetration depth (d), which describes the mean path length of an ion traveling
inside the bulk of the substrate. The erosion-induced surface morphology evolution
occurs normally within this characteristic depth. Thus, the ion energy is an adjustable
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parameter of central importance in quantifying the ripple formation of various sub-
strates.
The ripple wavelength dependence on incident ion energy has been studied ex-
tensively by different groups. Vajo et al. observed that the ripple wavelength of O+2
ion-eroded Si(001) increases linearly from 100 to 400 nm when the ion energy changes
from 1 keV to 9 keV at room temperature. (Vajo, Doty, and Cirlin 1996) The ripple
wavelength of GaAS(100)under bombardment of O+2 ion beams at room temperature
was also observed by Karen et al. to be linearly proportional to ion energy. (Karen,
Nakagawa, Hatada, Okuno, Soeda, and Ishitani 1995) The recent results by Umbach
et al. also indicated a nearly linear relationship between the ion energy and the ripple
wavelength on SiO2 surface irrespective of substrate temperature. (Umbach, Head-
rick, and Chang 2001) In contrast, Brown et al. observed in ion beam erosion-induced
ripple formation on Si(111) at 1000 K that the ripple wavelength decreases from 740
nm to 350 nm with an increased ion energy from 0.25 keV to 1.25 keV, following a
nearly inverse square dependence on ion energy. (Bradley and Harper 1988)
1.2.4 Ion flux and fluence dependence
The effects of ion flux and ion fluence (in the role of time at a certain flux) on
ripple formation also manifest the characteristics of respective surface smoothing
mechanisms in the ripple formation.
For crystalline substrate at high temperatures, the behavior of ripple formation
is very sensitive to ion flux and fluence. Chason et al. performed ion beam induced
rippling experiments on Ge(001) surfaces using 1 keV Xe+ at 625 K. (Chason, Mayer,
Kellerman, McIlroy, and Howard 1994) The surface roughness, which is proportional
to the ripple amplitude, was observed to increase linearly with the fluence and in-
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crease as the square of the flux. (Chason, Mayer, and Kellerman 1996) The results by
Erlebacher et al. on ion-eroded Si(001) surfaces evidenced that the ripple wavelength
decreases with the ion flux at high temperatures like 823 K, following a nearly inverse
square root dependence on flux. (Erlebacher, Aziz, Chason, Sinclair, and Floro 1999)
Another observation on ion-eroded Si(111) by Brown et al. indicated that the ripple
wavelength displays an exponential coarsening with ion fluence at 1000 K. (Brown
and Erlebacher 2005) For amorphous substrates like SiO2 and crystalline substrates
at low temperatures such as Si, Ge, and diamond, the ripple wavelengthes were ob-
served to be independent of flux and fluence. (Umbach, Headrick, and Chang 2001;
Ziberi, Frost, and Rauschenbach 2006; Mayer, Adams, Vasile, and Archuleta 2005)
1.2.5 Ripple Orientation
The in-plane angle between a ripple wave vector and the direction of incident ion
beams, referred to as ripple orientation, is the most direct signal to characterize the
ripple formation. For non-metallic substrates, the ripple orientation is mostly either
parallel or perpendicular to the direction of the incoming beams, depending on the
angle of incidence θ. For example in the results by Mishra et al., the erosion of Al
thin films with O+2 ion beams at angles of incidence 40-50
◦ produces a ripple structure
with the wave vector parallel to the ion beams, whereas ion bombardments at angles
of incidence 70-80◦ align the wave vector perpendicular to the ion beams. (Mishra
and Ghose 2006) A close inspection of the erosion morphologies within a narrow
range of angles of incidence revealed clearly that the critical angle of the ripple ori-
entation transition is very close to 60◦. Similar results were also observed on 5 keV
Xe+ ion-eroded graphite surface, which has a critical angle around 64◦ for the ripple
orientation. (Habenicht 2001)
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Moreover, a recent study of transient morphologies of si(111) sputtered with 500
eV Ar+ ion beams indicated that the ripple orientation can evolve from the mode of
wave vector parallel to the ion beams to the mode of wave vector perpendicular to
the ion beam at higher fluence (a longer sputter time), but at a fixed angle of inci-
dence 60◦. (Brown, Erlebacher, Chan, and Chason 2005) This observation confirmed
experimentally the predication of analytical models in the non-linear regime that a
new ripple structure with a rotated orientation will dominate the surface at the later
stage of ion beam erosion.
1.2.6 Ripple amplitude
The growth rate of the ripple formation is signified by the evolution of ripple ampli-
tude, which also characterizes the ion beam erosion-induced surface roughening. The
direct observations of the ripple amplitude saturation were obtained by Erlebacher
and Brown, whose results showed that the ripple amplitude of ion-eroded Si(001) and
Si(111) surfaces with 0.75 keV Ar+ ions at elevated temperature (500-750◦) increases
exponentially at short times, whereas the amplitude saturates after a crossover time
for all obtained ripple wavelength (300-800 nm). (Erlebacher, Aziz, Chason, Sinclair,
and Floro 2000; Brown and Erlebacher 2005) The results by Datta et al. on GaAs(100)
surfaces bombarded with 60 keV Ar+ ion beams indicated that the RMS roughness,
which is proportional to the ripple amplitude, increases exponentially with time at
the early stage, but saturates at the later stage. (Datta, Bhattacharyya, Chini, and
Sanyal 2002) In the study of the secondary ion yield changes on SiO2 and GaAs sur-
faces, Vajo et al. and Karen et al. found that the yield changes exponentially at
the beginning stage of ripple formation but saturates for the later times or when the
slope of ripples facing the incident ion beams reaches a saturation angle of 20-30◦ from
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the average surface plane. (Vajo, Doty, and Cirlin 1996; Karen, Nakagawa, Hatada,
Okuno, Soeda, and Ishitani 1995) All of these also provide indirect evidence on the
time-dependent ripple amplitude evolution.
1.2.7 Crystalline and metallic substrates
As noticed in the vast body of experimental results, the formation of ripple topog-
raphy take places on various substrate surfaces, including amorphous and crystalline
materials. The study of ion eroded Si and InP indicated that ion bombardment
amorphizes the initial crystalline surface at low temperature, or at least induces a
layer with a very high defect density. (Frost, Schindler, and Bigl 2000; Hazra, Chini,
Sanyal, Grenzer, and Pietsch 2004) Thus, amorphous materials and crystalline ma-
terials share many behaviors of ripple formation at low temperatures, such as linear
increased ripple wavelength with ion energy and wavelength independence of flux and
fluence.
On the contrary, thermally activated recrystallization can overwhelm the erosion-
induced amorphization so that the surface remains crystalline at high temperatures.
In particular for metallic surfaces, the crystalline quality of the substrate is not af-
fected even after extended ion beam erosion at room temperature, as demonstrated
by the observation with surface diffraction techniques. (Rusponi, Costantini, de Mon-
geot, Boragno, and Valbusa 1999; Murty, Curcic, Judy, Cooper, Woll, Brock, Kycia,
and Headrick 1999) Additional effects induced by crystalline anisotropy(crystal ori-
entation dependent diffusion energy barriers for descendent step edges) become more
remarkable on metallic surfaces than semiconductors or insulators. On Ag(110) and
later on Cu(110) single crystal, Rusponi et al. observed that bombardment with 1keV
Ar+ ion beams can produce a ripple structure with the crests aligned along <001>
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direction in a temperature range 150 K < T < 400 K at normal incidence, which
can not be obtained in the ripple formation on non-metallic substrates. (Rusponi,
Boragno, and Valbusa 1997; Rusponi, Costantini, de Mongeot, and Valbusa 1998)
Furthermore, the ripple structure was observed to evolve first into an array of rectan-
gular mounds and then a new ripple structure aligned along 〈11¯0〉 with the substrate
temperature increased. The authors attributed the anisotropic surface diffusion as
the cause of this unusual phenomenon.
1.2.8 Application
Ion beam erosion patterning could produce highly correlated arrays of dots or ripples
at sub-micrometer and nanometer length scale on different materials, amorphous or
crystalline, over areas of several square millimeters in just a few minutes. Moreover,
the patterning feature wavelength and degree of ordering could be tuned effectively by
changing experimentally accessible parameters, as discussed above. Simplicity, high
output and scalable patterning of this technique make it remarkably advantageous
over conventional optical lithography and costly e-beam lithography to fabricate de-
sirable structures and devices at nanometer length scale. Therefore, the formation of
self-organized nanostructures on surfaces by ion beam erosion has been drawn more
and more attentions recently from a fundamental point of view and from a practical
point of view as well. (Munoz-Garc´ıa, Va´zquez, Cuerno, Sa´nchez-Garc´ıa, Castro, and
Gago )
The most direct application of ion beam erosion patterning is to act as molds or
templates to transfer or replicate the pattern to other surfaces with high functionality.
For example, Azzaroni et al. have shown that a well-ordered si nanodot pattern pro-
duced by ion beam erosion can be transferred to soft materials, like polystyrene (PS),
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via a self-assembled monolayer of octadecyltrichlorosilane (OTS) on top of the pat-
terned surface and further through the detachment from this monolayer. (Azzaroni,
Schilardi, Salvarezza, Gago, and Va´zquez 2003) Moreover, ion bombardment-induced
ripple patterns have been utilized as templates for alignment and manipulation of car-
bon nanotubes. (Granone, Mussi, Toma, Orlanducci, Terranova, Boragno, de Mon-
geot, and Valbusa 2005)
Fabrication of quantum dot arrays using ion beam erosion patterning was first real-
ized on GaSe surfaces by Facsko et al.. (Facsko, Dekorsy, Koerdt, Trappe, Kurz, Vogt,
and Hartnagel 1999) They further confirmed experimentally the quantum confinement
effects through observing the blue shift in the photoluminescence spectrometry of the
dots as small as 15 nm. Another important application of this technique to exploit
novel physical properties is for the production of periodic magnetic nanostrucutres.
Strong in-plane magnetic anisotropy induced by nanorippled domain structure has
been observed on cobalt surfaces eroded by ion beam at 180 K in the work of Mo-
roni et al.. (Moroni, Sekiba, de Mongeor, Gonella, Boragno, Mattera, and Valbusa
2003) Magnetic multilayers (Co/Pd)n grown on ion beam erosion-patterned GaSe sub-
strates have shown irregularities in the layer thickness due to non-conformal growth,
which gives rise to a reduced magnetic coercivity. (Chen, Wang, Soo, Wu, and Chong
2002). Also, the shadowing effect of bombardment-induced surface topography has
been proposed to use for preparation of magnetic nanowires by grazing incidence
deposition. (Teichert 2003)
1.2.9 Summary
As presented and discussed above, the ripple formation on ion-eroded surfaces have
been investigated experimentally by many groups in various materials system. A
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 55 1 200 < 423 K no ripple 
> 523 K ripple 
formed 
Chason et al. 1994 
Ge Xe
+
 5 2 56 unexplored Ziberi et al. 2006  
Si O2
+ 
40 1-9 100-400 unexplored Vajo et al. 1996 
Si Xe
+
 > 40 10-40 400 100-300 K 
no changes 
Carter et al. 1996 
Si Ar
+
 67.5 0.75 570 773-873 K 
l~exp(-∆E/2kBT) 




 30-60 5-13 130-330 Unexplored Karen et al. 1995 
GaAS Cs
+
 25 17.5 890-2100 273-373 K 
l~exp(-∆E/2kBT) 




 55 1 30 unexplored Mayer et al. 1994 
SiO2 Ar
+ 




Umbach et al. 2001 
Diamond Ga
+
 40-70 20 175-225 unexplored Mayer et al. 2005 
GaSb Ar
+
 20-50 3 650 unexplored Allmers et al. 2006 
InP Ar
+








Rusponi et al. 1997 
Pt (111) Ar
+




Hansen et al. 2006 
Table 1.1: Summary of the behaviors of ion beam erosion-induced ripple formation
reported on typical nonmetallic substrates
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partial summary, including the most studied materials, is shown in Table 1.1. The
primary experimental features of ripple formation can be generalized as follows:
• Periodically modulated lateral structures like ripples can be produced by off-
normal incidence ion beam erosion on the surface of amorphous and crystalline mate-
rials. The wavelength of the ripples ` ranges over two orders of magnitude from several
micrometers to several decades nanometers, depending on ion beam parameters and
intrinsic materials properties.
• For most non-metallic substrates, the ripple formation takes place only within a
well defined window of angles of incidence. The ion beam erosion at or near normal
incidence often produces little roughening or even smoothes out the initial substrate
roughness. The ripple orientation can be switched by changing the angle of incidence
over a critical angle.
• At low temperatures, the ripple wavelength is independent of T and increases
with the ion beam energy. At higher temperatures, the ripple wavelength follows
the Arrhenius law ` ∼ (1/T1/2)exp(−∆E/2kBT), and the wavelength is inversely
proportional to the square root of the ion energy.
• The ripple formation on surfaces whose crystallinity remain under ion bombard-
ment, such as at higher temperatures and metallic substrates, are more sensitive to
the ion flux and ion fluence than ion-beam-amorphized surfaces.
• The ripple amplitude grows exponential at the early stage of the ripple devel-
opment, but saturates after a crossover time has been reached.
• For metallic substrates, the ripple can be created by ion beam erosion at normal
incidence, and the ripple orientation depends on temperature.
14
1.3 Theoretical analysis
1.3.1 Sigmud’s theory of sputtering
Until now, all theoretical studies of ion beam erosion-induced ripple formation origi-
nate and extend from Sigmund’s theory describing sputtering. It is very necessary to
introduce this classical approach before I further review those specific models for the
ripple formation.
A qualitative picture of the sputtering process can be described as: a series of
collisions between a ion and atoms of the substrate, and recoil cascades among atoms
take place during an incoming ion penetrates into the bulk of the material. Recoil
atoms gaining enough energy from collisions will be permanently displaced from their
original sites. The atoms near the surface of the substrate, which can be activated
by collisions to overcome their surface binding energy, will be sputtered. Normally,
those sputtered atoms only take a very small portion of atoms participating in the
collision cascades.
Sigmund’s theory quantifies the picture of ion sputtering process at intermediate
energy range, assuming an amorphous target. (Sigmund 1969) In his approach, the
energy transfer and deposited energy distribution during the sputtering process plays
the most important roles. As shown in Figure 1.2, an incoming ion traveling along
the -z axis strikes a point on an arbitrary surface z = h(x, y), penetrates into the bulk
and stops at point P. Sigmund modeled that the ion spreads out its kinetic energy to























Figure 1.2: Schematic demonstration of energy deposition of an incoming ion inside
a target. The complex ion-matter collision process can be simplified according to
Sigmund’s approach: The ion penetrates the bulk of the target with a mean depth d
and stops at point P. Ion energy spreads out along the trajectory following a Gaussian
form with distribution widths σ and µ.
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Here ² is the energy of the incoming ion, d is the average ion penetration depth before
it stops, σ and µ are the widths of the distribution parallel and perpendicular to the
beam direction, respectively. The ellipsoidal blue dash curves in Figure 1.2 represent
the contour of the equal energy deposition.
Therefore, the erosion rate at an arbitrary point O on the surface subject to an
uniform flux J of ion beams is proportional to the total energy εO contributed there
by all involved collisions if within the range of the distribution as illustrated in Eqn.





where the integral is taken over the whole region A of all points at which the deposited
energy contributes to εO.
Generally, the prediction of Sigmund’s theory describes well many behaviors of
ion sputtering although it has limitation at low energies (0.1-1 keV) and the sputter
yield on rough surfaces may be larger than it predicts.
1.3.2 Theory of ripple formation
Following the sigmund’s approach which relates the erosion rate to the energy de-
position onto the surface by sputtering, Bradley and Harper(BH) proposed a linear
continuum equation to describe the main features of ripple formation. (Bradley and
Harper 1988). In their work, a surface instability induced by curvature dependent
erosion rate was first demonstrated. As shown in Figure 1.3, the energy deposition
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Figure 1.3: Schematic illustration of the origin of the surface instability induced
by ion beam erosion of nonplanar surfaces. θ: angle of incidence; Ψ: local angle of
incidence; θ-Ψ: angel of local slope. The energy deposition underneath a surface with
a local convex morphology (a) takes place closer to the surface than that with a local
concave morphology (b), which gives rise to unbalanced erosion depending on local
curvature.
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place closer the surface in the case of a convex local surface morphology (θ < Ψ)
than of a concave surface (θ > Ψ). Thus, the average energy deposited at point O is
greater than at point O′. In another word, troughs are eroded faster than crests on a
disturbed real surface. The surface becomes instable and gets even rougher than its
initial roughness. The main idea of BH is that the curvature dependent erosion rate
induced surface roughening competes with surface smoothing processes, which leads
to the formation of periodically modulated structures like ripples. And the smoothing
roughening processes have different dependence on surface roughness wavenumber q.
As shown in Figure 1.4, the roughening process depends on local surface curvature
∇2h (q2 in wavenumber), while surface smoothing processes usually come from the
curvature dependent chemical gradient ∇4h (q4 in wavenumber). The surface am-
plitude grows the most rapidly at a preferred wavenumber qc at which the difference
between two wavenumber dependence processes in Figure 1.4 reaches the largest.
However, certain experimentally observed features, such as the saturation of the
ripple amplitude and the appearance of kinet roughening are not predicted by the
linear BH theory. (Erlebacher, Aziz, Chason, Sinclair, and Floro 2000; Eklund, Bru-
insma, Rudnick, and Williams 1991) An extension of the linear BH theory into the
nonlinear regime was proposed in order to avoid these shortcomings. The general
equation of surface motion during ion beam erosion can be written as ∂h/∂t =-
V
√
1 + (∂h/∂x)2, where ∂h/∂x is the local slope of the surface. V is the erosion
speed normal to the surface and is a function of the surface slope, curvature, and
higher order derivatives of the morphology. Under the small slope approximation
condition discussed in most cases of ripple formation, the theoretical approach by
Makeev and Baraba´si (Makeev, Cuerno, and i 2002) derived a generalized model sim-




q 2  terms
  















Figure 1.4: Schematic representation of the growth rate of roughening and smooth-
ing terms as a function of the wave number q. qc is the wave number at which the
difference between roughening and smoothing terms reaches the maximum. The later














2 + η(x, y, t) . (1.3)
The υ0 term, which represents the average erosion rate of the unperturbed planar
surface can be neglected in Eq. (1.3), since it does not affect the process of ripple
formation. The surface height h is then in a coordinate system that moves with the
average surface during the erosion process. η(x, y, t) is a Gaussian noise term related
to random fluctuations, uncorrelated in space and time, in the flux of the incoming
ions.
Equation (1.3), including linear and nonlinear terms, incorporates the major fea-
tures of ion-bombardment induced ripple formation and kinetic roughening. In the
early stage of ion beam erosion, Eq. (1.3) reduces to a BH-type linear theory when
λx=λy=0, ξx = ξy=0. In my dissertation, discussions of ion-beam-erosion-induced
ripple formation and ultra-smoothing on sapphire are emphasized within the linear
regime. The linear terms with coefficients νx and νy represent the curvature dependent
ion erosion rates, and Kxx and Kyy are coefficients representing the surface smooth-
ing terms. Two modes of rippled morphology can be induced by ion beam erosion,
with ripple wave vectors parallel or perpendicular to the projection of the ion beams.
Regardless of the specific smoothing mechanisms, the wavelength of ion-beam-erosion-











The minimum between `x and `y determines which orientation dominates the ion-
eroded ripple topography.
Apart from curvature-dependent sputtering discussed above, extra surface insta-
bilities related to preferential sputtering (Facsko, Dekorsy, Koerdt, Trappe, Kurz,
Vogt, and Hartnagel 1999; Frost, Schindler, and Bigl 2000), refractory-metal seed-
ing (Ozaydin, Ozcan, Wang, Ludwig, Zhou, Headrick, and Siddons 2005), and shad-
owing effects (Datta and Chini 2004) may also act as the roughening mechanisms
that dominate the ion-eroded surface morphology.
1.3.3 Surface smoothing mechanisms
On the other hand, a wider range of relaxation mechanisms have been proposed in
order to explain various experimental observations reviewed in the section 1.2. Deter-
mining which relaxation mechanism is dominant for various amorphous or crystalline
substrates, surface temperatures, and ion beam parameters, still remains the subject
of vigorous research.
(I) Surface diffusion(SD)
For the SD smoothing mechanism, thermally activated surface diffusion dominates
over other surface smoothing during ripple formation. If surface self-diffusion is
isotropic, then
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Here, Ds is the surface self-diffusivity, which has an Arrhenius temperature depen-
dence Ds=D0exp(−∆E/kBT ). The surface tension (surface free energy per unit area)
is γ, and ρ is the areal density of diffusing atoms. (Bradley and Harper 1988). The BH
model predicts the behaviors of ripple wavelengths as ` ∼ (JT )1/2exp(−∆E/kBT),
which can be used to explain the results of the temperature and ion flux dependence of
ripple wavelength at high temperatures in sections 1.2.2 and 1.2.4. The BH model also
suggests that the ripple wavelength decreases with ion energy at high temperatures
since only roughening terms νx and νx are linearly proportional to the ion energy. The
prediction has been confirmed by the results of Brown et al. on ion-eroded Si(111) at
1000 K. (Brown and Erlebacher 2005)
One thing noted is the results by Erlebacher et al on ion-eroded Si(001) at 773-
873 K. (Erlebacher, Aziz, Chason, Sinclair, and Floro 1999) They indicated that the
surface diffusion is not purely thermally activated but involves the creation of mobil
species on surface by ion bombardments. Furthermore, the author interpreted the ion
collision cascades as the dominant annihilation mechanism of mobil surface species.
Their work extended the scope of the SD mechanism to those ion-assisted surface
processes at intermediate temperature range.
(II) Surface erosion smoothing (SES)
The higher-order derivatives in the expansion of the erosion rate normal to the sur-
face produce effective smoothing terms which mimics surface diffusion (Makeev and
i 1997). The erosion smoothing does not imply real mass transport along the surface
and it is not temperature dependent. Thus, it is thought to dominate at low tem-
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peratures in some cases. Here, Kxx=Kxx,SES and Kyy=Kyy,SES, which are anisotropic
with respect to the direction of the incoming ion beams. The coefficients represent-
ing surface erosion smoothing Kxx,SES and Kyy,SES are given in Ref. (Makeev and
Baraba´si 1997). The SES model predicts that the ripple wavelength increases with
the ion energy and is independent of the ion flux at low temperatures, which can be
used to explain the observations on ion eroded SiO2, GaAs and Si surfaces in section
1.2.3. However, the calculated wavelength from the SES model, which contains no
adjustable parameters, is usually an order of magnitude smaller than the smallest
experimentally ever observed. This limits the SES model in quantitative predications
of ripple behaviors.
(III) Ion-enhanced viscous flow relaxation (IVF)
The IVF model, proposed by Umbach, Headrick and Chang, considers surface-confined
viscous flow driven by surface tension as the dominant smoothing mechanism for any
material with a disordered surface layer with reduced viscosity (Umbach, Headrick,
and Chang 2001). Hence,




Here, the ion-enhanced surface viscosity ηs and the surface tension are assumed to
be constant and isotropic. The depth of the damaged layer is taken to be equal to
the ion penetration depth d. The IVF model also predicts that the ripple wavelength
increases with the ion energy, temperature and is independent of the ion flux, which
can describe successfully the characters of ripple formation on SiO2 surfaces more
completely than the SD or SES model. Moreover, the IVF model which contains
the adjustable parameter, ion-enhanced surface viscosity, can provide quantitative
description of ripple wavelength. Although viscous flows only exist in amorphous
materials, the approach of the IVF model can extend to crystalline substrates with a
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thin ion-damaged surface layer, such as Si and InP. (Frost, Schindler, and Bigl 2000;
Hazra, Chini, Sanyal, Grenzer, and Pietsch 2004)
Furthermore, molecule dynamic (MD) simulations by Mayr et al. have emphasized
the equal important roles of flow of point defects and of thermal-spike induced local
melting in the creation mechanisms of ion-induced viscous flow in the 0.1-1 KeV
range. (Mayr, Ashkenazy, Albe, and Averback 2003)
(IV) Downhill current induced smoothing (ion-induced lateral currents)
According to the BH model or the extended K-S equation, a characteristic wave-
length of surface features (`x = `y, mount-shape features) can be predicted for nor-
mal incidence, and ripple formation is also predicted for bombardments near normal
incidence. However, little roughening or smoothing has been often reported near
normal incidence on many non-metallic systems, including crystalline Si, diamond
and amorphous SiO2. These lead to the conclusion that there exists an extra surface
smoothing process that is different from the SD, SES, or IVF relaxation mechanisms
previously discussed. Ion impact induced lateral mass redistribution has been taken
into consideration to explain the anomalous behaviors induced by ion beam erosion
near normal incidence (Carter and Vishnyakov 1996; Moseler, Gumbsch, Carsiraghi,
Ferrari, and Lieb 2005; Johnson, Kalyanasundaram, Davidovitch, Brenner, Aziz, and
Freund 2006).
Carter et al. suggested in their study of ion-eroded Si that a component of atomic
momentum parallel to the surface in the direction of the forward projection of the
ion flux can be generated by ion bombardments. The ion induced lateral currents
gives rise to curvature dependent (∂2h/∂x2, ∂2h/∂y2) smoothing terms, which can
weaken or even cancel the curvature dependent roughening term in Eq. (1) [see
Eq. (6) in Ref. (Carter 1996)]. It is apparent that no ripples can form under
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conditions where this type of smoothing term is dominant, since the wavenumber
dependence exactly matches that of the prevailing roughening mechanism. Moreover,
the lateral current term is expected to be strongest at normal incidence from their
analysis. (Carter and Vishnyakov 1996) Thus, this additional smoothing mechanism
can be used to explain the smooth region near normal incidence and the narrow
window of angles of incidence for ripple formation, as mentioned in section 1.2.1.
However, the authors only proposed a qualitative way to estimate the weight of the
parallel atomic flux. Currently, high quality experimental data is lacking concerning
this smoothing mechanism.
In the field of thin film deposition instead of erosion, ultra-smooth surfaces and
rapidly smoothing of initial rough substrates have also been observed on diamond-
like-carbon (DLC) films deposited by ion-assisted magnetron sputtering. (Shi, Cheah,
Shi, Zun, and Tay 1999; Casiraghi, Ferrari, Ohr, Flewitt, Chu, and Robertson 2003)
A parallel work by Moseler et al. proposed through MD simulations that an efficient
damping of initial surface height fluctuations is achieved through impact-induced
downhill currents eroding hills to valleys on surface, as schematically shown in Figure
1.5. When a incoming ion hits a surface with a local slope α, recoil atoms induced by
collision cascades displace preferentially down the slope. The local valley is buried by
ion-induced redistributed atoms from both side slopes. The height difference h(x,t)
between hill and average surface height decreases. The downhill-currents smoothing
have been identified by them as the driving force underlying the ultra-smoothness of
amorphous surfaces resulting from ion-assisted film deposition. Noted that the down-
hill currents also contribute a curvature dependent smoothing term, as demonstrated
in a well-known Edwards-Wilkinson (EW) stochastic differential equation [see Eqn.








Figure 1.5: Schematic drawing of the downhill current smoothing mechanism. The
dashed curve represents a initial surface with sinusoid undulations. The solid curve
represents the evolving surface. Red spheres mark incoming energetic species. Black
spheres mark collision cascade-induced recoil atoms, which preferentially displace
down the slope. The height different h(x,t) between hill and average surface height
gets smaller coincident with deposition of energetic species.
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1.3.4 Non-linear effects
Those model dependent differential equations predicting ripple formation, which in-






2, can not be solved analytically.
Thus, intense theoretical effort, including numerical integration and Monte Carlo
simulations, has been taken in advancing our understanding of the complexities of
self-organized rippling in the non-linear regime. For example, numerical integration
of the K-S equation by Park et al. indicated that surface roughness, which is propor-
tional to ripple amplitude, increases exponentially with time before a crossover time
tc after which surface roughness grows at a slower rate and then saturates. Moreover,
a new ripple structure with a rotated ripple orientation, compared to that at the
early stage of ion beam erosion, appears at high fluence. (Park, Kahng, Jeong, and
Baraba´si 1999) The simulation results are consistent with the experimental observa-
tions discussed in the section 1.2.5 and 1.2.6.
However, a noticeable limitation of the K-S equation is its inability to predict the
behavior of ripple coarsening with time (ion fluence). A discrete atom kinetic Monte
Carlo simulation by Brown et al., which incorporates curvature-dependent erosion and
surface diffusion, reproduces many experimental features of the transient morpholog-
ical evolution on ion-eroded Si(111) surface, such as the ripple coarsening and 90◦
rotated ripple orientation at higher ion fluence. (Brown and Erlebacher 2005; Brown,
Erlebacher, Chan, and Chason 2005) Furthermore, Mun˜oz-Garc´ıa et al. proposed a
so-called hydrodynamic model in the spirit of studying ripples in aeolian sand dunes
to describe theoretically the main nonlinear features of ripple formation by ion beam
erosion. Numerical integration results show evidence that wavelength coarsening and
nonuniform translation velocity agree with similar results in experiments and discrete
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Abstract
A study of ripple formation on sapphire surfaces by 300 - 2000 eV Ar+ ion bombardment is
presented. Surface characterization by in-situ synchrotron grazing incidence small angle x-ray
scattering and ex-situ atomic force microscopy is performed in order to study the wavelength of
ripples formed on sapphire (0001) surfaces. We find that the wavelength can be varied over a
remarkably wide range – nearly two orders of magnitude – by changing the ion incidence angle.
Within the linear theory regime, the ion induced viscous flow smoothing mechanism explains the
general trends of the ripple wavelength at low temperature and incidence angles larger than 30◦. In
this model, relaxation is confined to a few-nm thick damaged surface layer. The behavior at high
temperature suggests relaxation by surface diffusion. However, strong smoothing is inferred from
the observed ripple wavelength near normal incidence, which is not consistent with either surface
diffusion or viscous flow relaxation.
PACS numbers: 68.35.Bs, 61.10.Eq, 81.16.Rf, 81.65.Cf
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I. INTRODUCTION
Energetic particle bombardment on surfaces is known to produce one-dimensional (rip-
ples or wires) and zero-dimensional (dot) structures at the submicron or nano-scale by a
self-organization process. Recently, significant experimental and theoretical effort has been
expended in order to develop ion bombardment patterning methods for the production of
periodic nanostructures on various substrates.1–8 These studies have demonstrated the po-
tential to tailor surface morphology and related surface properties for optoelectronic and
spintronic applications.9,10 In addition, recent work has provided new insight into the mech-
anisms of the instability-driven self-organization process.11
A significant milestone in our understanding of the origins of a self-organized ripple
topography formed by ion sputtering is the work of Bradley and Harper (BH) in which they
proposed a linear continuum equation to describe the main features of ripple formation.12
The main idea of BH is that smoothing and roughening processes have different wavelength
dependence, leading to a preferred wavelength where the surface amplitude grows the most
rapidly.
However, certain experimentally observed features, such as the saturation of the ripple
amplitude and the appearance of kinetic roughening are not predicted by the linear BH
theory.13,14 An extension of the linear BH theory into the nonlinear regime has been













2 + η(x, y, t) . (1)
The υ0 term, which represents the average erosion rate of the unperturbed planar surface can
be neglected in Eq. (1), since it does not affect the process of ripple formation. The surface
height h is then in a coordinate system that moves with the average surface during the erosion
process. η(x, y, t) is a Poisson noise term related to random fluctuations, uncorrelated in
space and time, in the flux of the incoming ions.
Within this theory, ion sputtering produces periodic modulated features (correlated lat-
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eral ordering) that arises from a competition of a roughening instability mechanism and
surface relaxation. A roughening mechanism that often dominates the surface morphology
is curvature-dependent sputtering, which is based on the linear cascade approximation first
proposed by Sigmund.15 However, certain compounds, such as GaSb and InP,9,16 and ele-
mental materials with refractory-metal seeding,17 may also exhibit island agglomeration of
excess elements by a process related to preferential sputtering.
In contrast, a wider range of relaxation mechanisms have been proposed in order to ex-
plain various experimental observations: (i) Surface diffusion (SD) mediated smoothing has
been proposed to explain the temperature and ion flux dependence of ripple wavelength in
the high temperature regime.2,18 (ii) The surface erosion smoothing (SES) model in which
higher-order terms of the erosion process produce a smoothing which mimics surface diffu-
sion.8 (iii) The ion-enhanced viscous flow relaxation (IVF) model, which considers surface-
confined viscous flow driven by surface tension as the dominant smoothing mechanism for
any material with a disordered surface layer with reduced viscosity.19 Mayr et al. have em-
phasized the role of flow of point defects and of thermal-spike induced local melting in the
mechanisms of radiation-induced viscous flow in the 0.1-1 KeV range.20 However, determin-
ing which relaxation mechanism (SD, SES, IVF, etc.) is dominant for various amorphous
or crystalline substrates, surface temperatures, and ion beam parameters, still remains the
subject of vigorous research.
II. LINEAR THEORIES
In the theoretical approach of Makeev and Baraba´si,11 a general continuum equation
which describes the evolution of surface morphology during ion sputtering is proposed.
Equation (1) incorporates the major features of ion-bombardment induced ripple formation
and kinetic roughening. In the early stage of ion sputtering, Eq. (1) reduces to a BH-type
linear theory when λx=λy=0, ξx = ξy=0. In this paper, our discussions of the wavelength
tunability of ion-bombardment induced sapphire ripples are emphasized within the linear
regime. The linear terms with coefficients νx and νy represent the curvature dependent ion
erosion rates, and Kxx and Kyy are coefficients representing the surface smoothing terms.
Linear stability analysis indicates that the establishment of a periodic ripple structure
across the surface depends on the balance between the curvature dependent roughening
3
and surface smoothing mechanisms.12 Two modes of rippled morphology can be induced
by ion bombardment, with ripple wave vectors parallel or perpendicular to the projection
of the ion beams. Regardless of the respective smoothing mechanisms (SD, SES, IVF),
the wavelength of ion sputtered ripples with orthogonal orientations `x (parallel) and `y









The minimum between `x and `y determines which orientation dominates the ion-induced
ripple topography. In Eq. (2) and (3), the coefficients νx, νy for curvature dependent













In the expressions above, the terms are defined as
dσ ≡ d
σ
, dµ ≡ d
µ
,
s ≡ sin(θ), c ≡ cos(θ),
















In addition, d is the ion energy deposition depth, σ and µ are ion energy distribution widths
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parallel and perpendicular to the incoming ion beams, J is the ion flux per area, p is a material
constant depending on the surface binding energy U0 and scattering cross-section,
15 and n
is the atomic density of the substrate.
For the SD smoothing mechanism, thermally activated surface diffusion induces surface
smoothing during ion sputtering. If surface self-diffusion is isotropic, then




Here, Ds is the surface self-diffusivity, which has an Arrhenius temperature dependence
Ds=D0exp(−∆E/kBT ). The surface tension (surface free energy per unit area) is γ, and ρ
is the areal density of diffusing atoms.12
For the SES model, the erosion smoothing process is assumed to dominate over
other smoothing mechanisms. Since it is not temperature dependent, it is thought to
dominate at low temperatures in some cases. Here, Kxx=Kxx,SES and Kyy=Kyy,SES,
which are anisotropic with respect to the direction of the incoming ion beams. The coef-
























For the IVF model, the ion-enhanced surface viscous flow within a thin ion-damaged layer
dominates the surface smoothing. Hence,




Here, the ion-enhanced surface viscosity ηs and the surface tension are assumed to be con-
stant and isotropic. The depth of the damaged layer is taken to be equal to the ion pene-
tration depth d.19
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In the following sections, the data analysis and discussion of the wavelength tunability of
ion-bombardment induced sapphire ripples are based on Eqs. 2-11 for the ripple wavelength.
Additional smoothing mechanisms beyond SD, SES and IVF are considered in Sec. V.
III. EXPERIMENT
The ripples are produced on sapphire (0001) in a custom surface x-ray ultra-high vacuum
chamber (2×10−10 torr base pressure) installed at x-ray beamline X21A1 at the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. More details about
this real-time surface x-ray characterization facility for dynamic processing are described
elsewhere.21 Ion beam sputtering is performed by either a 3-grid RF plasma ion source or
a Phi model 04-192 sputter ion gun. The RF plasma ion source is operated at ion energies
ranging from 300 eV to 1000 eV with a background Ar+ pressure 4×10−4 torr. The source
produces an ion flux of 9×1014 to 2.4×1015 ions/cm2 s for the operating conditions used in
this study.22 The irradiation size of the ion beam with a uniform flux (3 cm) is large enough
to cover the entire sample surface. The Phi sputter ion gun is operated at ion energies from
500 eV to 2000 eV at a flux of 1×1013 ions/cm2 s with a background Ar+ pressure 1×10−4
torr. The sample surface temperature is adjusted from 300 K to 1050 K, and monitored by
an infrared pyrometer. The chamber is also equipped with reflection high energy electron
diffraction (RHEED), which is used to determine surface crystallinity. A contact mode
Digital Instruments Nanoscope-E AFM is used for ex-situ surface morphology imaging.
The x-ray flux after the Si (111) monochromator crystal is 2×1012 photons/s at a wave-
length of λ=1.192 A˚ with a beam-size of 0.5 mm × 0.5 mm. In the schematic representation
of the x-ray measurement geometry shown in Fig. 1, the z axis is always taken to be normal
to the sample surface, and the y axis along the projection of the incident x-ray beams onto
the surface. ki and kf are the wave vectors of the incoming and scattered x rays, respectively.
The components of the scattering momentum transfer Q = kf − ki can be expressed by the
glancing angles of incidence (αi) and exit (αf ) with respect to the surface (x-y plane), and
the in-plane angle ψ.
In the GISAXS geometry, the incident or exit x-ray beams are fixed near the critical
angle for total external reflection (0.2◦ for sapphire). A 320-pixel linear position sensitive












FIG. 1: Schematic of the x-ray scattering geometry. The z-axis is always taken to be normal
to the sample surface, and the incident x-ray beam defines the y-z plane. ki and kf represent
the incident and scattered wave vectors, respectively. The components (Qx, Qy and Qz) of the
scattering momentum transfer Q = kf − ki are defined by the glancing angles αi, αf and in-plane
(x-y plane) angle ψ. The linear PSD is oriented with its long direction in the plane of the surface.
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order to collect in-plane scattered x rays. In terms of scattering momentum transfer, the PSD
acquires a range of Qx at a constant Qz and Qy (typically, Qz=0.92 nm
−1, 4Qx≈1 nm−1
and Qy=3×10−3 nm−1). Time-resolved GISAXS provides access to the evolving wavelength,
shape and amplitude of surface ripples. For a full reciprocal mapping (Qx vs. Qz), an αi = αf
reflection mode scan is performed in order to simultaneously profile specular and off-specular
scattering, or alternatively a scan of αi at a fixed value of αf can be performed, which results
in a profile of only off-specular scattering. A point detector (avalanche photodiode) was also
used in place of the linear detector for several of the one-dimensional scans, and the ψ angle
was scanned in these cases.
IV. RESULTS
In this section we describe a series of systematic investigations of the dependance of sap-
phire ripple characteristics (wavelength, orientation), on experimental parameters, including
ion energy, ion incidence angle and temperature.
A. Ripple formation by ion sputtering
Figure 2 displays a Qx vs. Qz GISAXS scan of the rippled sapphire surface after 45
◦
off-normal 500 eV Ar+ bombardment. First and second order satellite streaks are readily
observed, indicating a periodic surface morphology along the x-direction. The data for this
image was collected with the exit angle αf held fixed at a value near the critical angle for
total external reflection. This mode maximizes the sensitivity to the satellite reflections.
Figure 3 shows an AFM image of the as-irradiated sapphire surface. A ripple morphology
is clearly visible. A wavelength of 32 nm is obtained from the image, which corresponds well
with that acquired from GISAXS in Fig. 2.
Figure 4 shows real-time GISAXS intensities plotted versus scattering momentum transfer
Qx. The scans are equivalent to a linear slice of the image in Fig. 2 at a constant vertical
component of the scattering momentum transfer Qz=0.92 nm
−1, except that that an offset
condition (αi 6= αf ) was used so that Qy=3×10−3 nm−1. This was done in order to eliminate
the need for a specular beam stop. Scans are shown at 10-minute intervals during 45◦ off-
normal 500 eV Ar+ bombardment. At time t=0, the initial roughness of the sapphire
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FIG. 2: Grazing incidence small angle x-ray scattering (GISAXS) patterns acquired from Qx-Qz
scans. Asymmetric GISAXS patterns indicate the shape anisotropy on the ripples. The bar of gray




FIG. 3: A 500 nm by 500 nm AFM image taken after the GISAXS measurements. The ripple
wave vector is parallel to the projected ion beam direction. In the text, this is referred to as the
`x orientation of ripples.
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surface only produces a single peak in the diffuse scattering (circles). Two satellite peaks,
resulting from lateral correlated roughness become visible after 10 minutes. The ripple
wavelength, `x = 2pi/∆Qx, remains almost constant during ion irradiation, but the peak
intensity continues to increase as a result of an increase in ripple amplitude.
It is also clear in Fig. 4 that the two satellite peaks develop in an unequal way as
irradiation proceeds. After 30 minutes, the peak on the positive Qx side is noticeably larger
than the one on the negative Qx side. At 40 minutes, the larger peak is several times more
intense than the smaller one. This diffuse intensity asymmetry was also observed in the
GISAXS study of ion-eroded SiO2 by Umbach et al.
19
Figure 5 shows an asymmetric saw-tooth model profile, which is used as a simplified ap-
proximation to the ripple shape. Here, the parallel component of the incident ion beam is
along the -x direction, as defined above. We note that the term ∂h/∂x in Eq. (1), represent-
ing the surface local slope, has opposite signs at different sides of the solid saw-tooth. Thus,
an off-normal incidence will produce different erosion rates on positive and negative slopes.
The model predicts that the unbalanced erosion will make ripples move like waves across the
surface in a direction opposite to the projection of the incident beam along the surface.12
However, we note that a recent study of ripples formed on ion-bombarded glass surfaces
showed forward propagation of ripples.23 The asymmetric shape observed in our x-ray dif-
fuse scattering measurement is produced by nonlinear terms of the form (∂h/∂x)(∂2h/∂x2).
Therefore, the appearance of an asymmetric GISAXS pattern may indicate the onset of this
lowest order nonlinear term. An alternative interpretation of the asymmetry is that it can
be related to shadowing effects24, which are not a factor for the experiments reported here,
since the maximum local angle of the ripple structures is always much less than the angle
of the ion beam relative to grazing incidence.
B. Ripple wavelength variation with ion energy
Figure 6 shows the observed dependence of ripple wavelength `x on ion energy ε for ion
sputtered sapphire at low temperature 300 K (a) and high temperature 1000 K (b), respec-
tively. This series of sapphire ripples are obtained at 45◦ off-normal ion incidence. In Fig.
6(a), square and circle symbols represent the wavelength of ripples produced by the high-flux
RF plasma ion source and the low-flux ion gun, respectively. The sapphire ripple wavelength
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FIG. 4: Time-resolved GISAXS measurements indicate the increase of the lateral correlations
on a sapphire surface during ion exposure. The surface ripples are produced by 500 eV Ar+
bombardment at 45◦ incidence. The vertical component of the scattering momentum transfer Qz
was fixed at 0.92 nm−1 and Qy was offset to 3× 10−3 nm−1. The ion exposure was paused during
the scans, which were performed with a point detector in place of the linear detector. The curves











∂ x < 0
FIG. 5: An asymmetric saw-tooth model profile (α < β). The parallel component of the incident
ion beam along the substrate surface is along the -x direction, as defined in Fig. 1. The term
∂h/∂x represents the local slope of ion etched surface curvature. The magnitude of α and β are
exaggerated for clarity.
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increases with ion energy at low temperature, which is consistent with observations for ion
eroded SiO2, GaAs and Si surfaces.
19,25,26 The data obtained from high/low flux ion sources
overlap within experimental error at both 500 eV and 1000 eV, which indicates that the
ripple wavelength is independent of incident ion flux at low temperature. A nonlinear least
squares fit gives a power law coefficient with p=0.71 for the dependence of the wavelength on
ion energy (`x ∼ εp). Also plotted are curves corresponding to p=1 and 0.5 for comparison.
In Fig. 6(b), the ripple wavelength decreases with ion energy. A nonlinear least squares fit
gives a power law coefficient with p=-0.44. Also plotted are curves corresponding to p=-0.25
and -0.75 for comparison.
A general formula for a low temperature ripple wavelength in the x orientation can be
expressed from Eqs. (2), (4) and (9), based on the SES model (sec. II). Taking |νx| ∼ Fd




|νx| ∼ d . (12)
The dependence of d on ε is quantitatively accessible with the aid of the ion-collison simulator
SRIM.27 It indicates that d varies as εp with p=0.48 for α-sapphire at the incidence angle
of 45◦. The p=0.48 obtained from Eq. (12) matches the observed wavelength-ion energy
relation in Fig. 6(a) reasonably well. However, a quantitative analysis (as detailed in Sec.
IV-C) by Eq. (12) predicts values of the ripple wavelengths that are an order of magnitude
smaller than our measured values of `x, indicating that the SES, which contains no adjustable
parameters, does not account for the observed ripple wavelength at low temperature.19
A specific expression for the ripple wavelength based on the ion-enhanced surface viscous
flow (IVF) model,28 can be derived from Eq. (2), (4), (7) and (11) as an extension to Eq.
(12). Inserting KIV F = γd
3/ηs, |νx| ∼ Fd and F=JY(θ)/nc into Eq. (2), we can get the ion






where the coefficient Kxx of the IVF smoothing term replaces Kxx in Eq. (2). Simulations
from SRIM at 45◦ incidence indicate that Y(θ) varies as εδ with δ=0.62. It is assumed from
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FIG. 6: The dependence of the ripple wavelength (`x) of ion etched sapphire on the incident ion
energy (ε). (a) 300 K substrate temperature. The square symbols are for the high flux ion source
and the circle symbols are for the low flux ion source. The solid line is the curve for the best fit
exponent of p=0.71. For comparison, curves for p=1 and p=0.5 are plotted as dashed and dotted
lines, respectively. (b) 1000 K substrate temperature. The solid line is for the best fit exponent of
p=-0.44. For comparison curves for p=-0.25 and p=-0.75 are plotted as dashed and dotted lines,
respectively.
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previous work on low energy ion irradiation29 that the dependence of ion-enhanced surface
viscosity on ion energy takes the form Jηs ∼ ε−α with α ≈ 1. Hence, `x ∼ εp where p=0.67
for sapphire ripples. Here, the sapphire atomic density n is 1.17×1029 atoms/m3, the surface
tension of sapphire γ is 0.91 J/m2,30 and the ion flux is 2.4×1015 ions/cm2 s at an ion energy
of 600 eV. The ion-enhanced surface viscosity ηs is estimated to be 6.3×108 Pa s under these
conditions. This value is chosen in order to give quantitative agreement between the model
and the experimental values of `x.
The fitted power law coefficient of p=0.71 in Fig. 6(a) and that of the IVF model (p=0.67)
for the dependence of the wavelength on ion energy at low temperature are indistinguishable
within experimental error. Moreover, we have observed that the RHEED pattern for the
sapphire (0001) surface disappears upon ion irradiation at room temperature, confirming
that ion bombardment amorphizes the surface, or at least induce a layer with a very high
defect density. Similar behavior of surface amorphization under ion bombardment has been
noted in the study of ion sputtered Si and InP.16,31 The key idea of the IVF model is that
this thin layer can relax by a collective motion (“flow”), driven by surface tension.
The SD model can be useful in predicting the high temperature ripple wavelength. The
formula for the wavelength with its wave vector along the x-axis can be expressed from






where only d and Y(θ) are dependent on ion energy. Thus, the SD model gives ` ∼ εp where
p=-0.55 for sapphire ripples at high temperature. The SD model is consistent with the
energy dependence at high temperature in Fig. 6(b). A more refined model that combines
both the IVF and SD mechanisms is given in Sec. IV D, which is also compatible with the
data in fig. 6(b). Other variations of the SD model that include ion-bombardment effects
are discussed in Sec. V. We also note that the sapphire surface exhibits a well developed
RHEED pattern after etching at 1000 K, indicating a higher degree of surface crystallinity
at this temperature.
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C. Dependence of ripple wavelength on ion incidence angle (low temperature)
The observed wavelength-angle phase diagram for sapphire ripples produced by 600 eV
Ar+ bombardment at room temperature is displayed in Fig. 7. The wavelength of sapphire
ripples is varied through a remarkably wide range (30 nm to 2 µm) by changing the incidence
angle. Below 40◦, the ripple wavelength is particularly sensitive to the incidence angle, while
the wavelength is relatively constant in the middle range from 40◦ to 65◦. Ion incidence at
an angle larger than 70◦ rotates the orientation of the ripples by 90◦.
The theoretical wavelength-angle phase diagram for sapphire ripples produced by 600 eV
Ar+ bombardment at room temperature is also shown in Fig. 7, for comparison with the
experimental data. In order to produce these curves, several variables in the expressions of
Eqs. (4)-(11) were calculated using SRIM-2003 simulations, including the ion penetration
depth d, the sputter yield Y(θ), and the widths of the deposited energy distribution, σ and
µ. The sapphire surface binding energy U0 is taken to be 2 eV/atom. We estimate the
ion-enhanced surface viscosity to be ηs = 6.3 × 108 Pa s, as discussed in Sec. IV B. The
predicted wavelengths `x and `y, based on the SES (the dashed-dotted line and dotted line)
and IVF (the solid line and dashed line) models, are compared with those experimentally
obtained.
There are three distinct regions in Fig. 7. Region I: νx < νy < 0, Kxx,SES > 0, Kyy,SES >
0, KIV F > 0. This region spans from normal incidence to oblique incidence around 62
◦. The
ripple with wave vector parallel to the projection of the ion beam (`x) dominates the surface
morphology in this region. For the SES model, the `y oriented ripple is predicted to dominate
the morphology over most of region I, except near the region I/II boundary where the ripple
orientation rotates by 90◦. This is in clear disagreement with the experimental observations.
On the other hand, the IVF model prediction agrees with the observed ripple orientation
over the whole range. However, the IVF mechanism does not predict the observed large
wavelength-angle dependence below 40◦. This point will be discussed further in Sec. V.
Region II: This region is characterized by negative Kxx,SES < 0, which prevents the
appearance of `x for the SES model, and thus the SES model predicts only `y ripples in
this region. In the IVF model, the `x wavelength increases to infinity at the region II/III
boundary near 65◦. Thus, the IVF model predicts that the dominant ripples will switch their




































FIG. 7: The wavelength-angle phase diagram for sapphire ripples produced by 600 eV Ar+ bom-
bardment at room temperature. Circle symbols: experimental wavelength `x. Square symbol:
experimental wavelength `y (Only one point at 75◦ is shown). The error bars are comparable to
the height of the symbols. Two sets of curves are shown: The upper set is for the IVF model, with
the solid line representing the simulated `x wavelength, and the dashed line representing the `y
wavelength. The lower set of curves is for the SES model, where the dotted-dashed line represents
the `x wavelength and the dotted line represents the `y wavelength. Experimentally, the three
regions of the phase diagram represent the ranges of angles where `x and `y are dominant (I and
III, respectively), and a narrow transition region ( region II). The SES model predicts that `y
ripples dominate in all three regions, which is not consistent with the data. The IVF model gives
better agreement with the data, as described in the text.
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towards higher angles since it is very sensitive to the change of simulated parameters, such
as d, dσ and dµ. The experimental observation is that `x ripples are still observed, but
longer scale order in the orthogonal direction begins to build up. Overall, the behavior in
this region agrees reasonably well with the prediction of the IVF model.
Region III: νx > 0, νy < 0, Kxx,SES < 0, Kyy,SES > 0, KIV F > 0. The `x ripple is not
stable in either model, since νx becomes an effective smoothing term when it is positive.
Near 90◦, `y either drops to zero (SES) or increases to infinity (IVF). Again, the IVF model
correctly predicts the observed behavior, at least qualitatively.
Ex-situ AFM images in Fig. 8 display surface morphologies obtained at different angles of
incidence for ion sputtered sapphire, corresponding to the observed phase diagram in Fig. 7.
Figures 8(a) and 8(b) show images for off-normal incidence at 25◦, which produces micron-
scale ripples with wave vector parallel to the ion beam direction, and are readily visible in the
large-scale image [Fig. 8(b)]. In contrast, 55◦ incidence, shown in Fig. 8(c), produces a well-
ordered nanorippled surface with the wave vector parallel to the projection of the incoming
ion beams along the surface, which has a wavelength similar to that shown in Fig. 3. We
note that at the larger scale in Fig. 8(d) the surface roughness is also correlated with wave
vector perpendicular to the incoming ion beam, as predicted by `y in the phase diagram. Ion
incidence at 65◦ still creates detectable ripples with wave vector parallel to the projection
of the incoming ion beams in Fig. 8(e), but obvious submicron furrows oriented along the
ion beam direction are observed in Fig. 8(f). Grazing ion incidence at 75◦ switches the
orientation of the ripple wave vector perpendicularly. Fully developed ripples are observed,
with an unusual rod-like structure, as shown in Figs. 8(g) and 8(h).
D. Temperature Dependence of Ripple Wavelength
Figure 9 shows the observed ripple wavelength dependence on inverse temperature 1/T
for two different angles of incidence. The ion energy is 600 eV for both angles of incidence.
All samples are preheated to a chosen temperature and then sputtered at this temperature
until a well-defined wavelength is established. The ripple wavelength obtained at 45◦ is
constant at low temperature and increases significantly when the temperature increase over
700 K.


































FIG. 8: AFM images of surface morphology at different angles of incidence: (a) and (b) are for
an incidence angle of 25◦, (c) and (d) are for an incidence angle of 55◦, (e) and (f) are for an
incidence angle of 65◦, and (g) and (h) are for an incidence angle of 75◦. Two different image sizes
are shown for each angle of incidence. The white arrow indicates the projection of the ion beam
direction along the surface. The progression of ripple orientation and wavelength can be seen in
this sequence of images. In particular, we note the large scale ripples at 25◦ in (b), followed by
much smaller wavelength ripples at 55◦ in (c) and 65◦ in (e), and finally the rotation of the ripple






























FIG. 9: The wavelength `x as a function of inverse temperature at different angles of incidence
and constant ion energy of 600 eV. Theoretical curves based on Eqs. (2), (4), (8), (11) and (15)
are shown for the set of ripples wavelength `x obtained at incidence angles of 35◦ (dash line) and
45◦ (solid line) off-normal incidence.
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wavelength at 45◦. The wavelength varies as ` ∼ (T )−1/2exp(−∆E/2kBT ), where ∆E is
the activation energy for surface diffusion and kB is Boltzmann’s constant.
12 However, this
expression does not take into account the low-temperature component of ion bombardment
induced smoothing. Thus in Fig. 9, the observed dependence of the ripple wavelength on
temperature at the incidence angle of 45◦ is modeled with a modified Kxx (solid line), as
Kxx(ε, θ, T ) = KIV F (ε, θ) +KSD(T ) . (15)
Taking Eq. (15) and the expression for KSD in Eq. (8), we can obtain the temperature
dependence of the ripple wavelength from Eq. (2). The fitting parameters are the activation
energy ∆E for surface diffusion and the areal density of mobile species ρ involving in surface
diffusion. An activation energy of ∆E = 0.72 eV is extracted from Fig. 9 (solid line). Taking
n=1.17×1029 atoms/m3, γ=0.91 J/m2, and assuming D0 with the order of magnitude 10−8
m2/s, we can estimate ρ to be of the order of 1013 m−2.
The calculated wavelengths for 35o incidence based on Eq. (2), (4), (8), (11) and (15) are
shown by the dashed line in Fig. 9. A weaker, but still significant temperature dependence
is predicted, which is not observed experimentally (square symbols). Rather, the experi-
mental ripple wavelengths at 35◦ are independent of temperature. This indicates that the
different smoothing mechanisms (i.e. thermal vs. non-thermal mechanisms) have different
dependences on the angle of incidence. In particular, the rapid increase in wavelength at low
angles is inferred to be due to a non-thermal smoothing mechanism that increases at low
angles to dominate over the other mechanisms, but is not included in our present model.
Finally, Fig. 10 shows the observed wavelength-angle phase diagram (`x vs. θ) for
sapphire ripples obtained at two temperatures, 300 K and at 1000 K. The theoretical curves
based on Eq. (2), (4), (8), (11) and (15) are also plotted. The solid line for 300 K is identical
to the solid line in Fig. 7, which is just based on the IVF model. The dashed line for 1000 K
includes both SD and IVF smoothing effects, combined as shown in Eq. (15). We note that
the experimental ripple wavelength `x exhibits a very large increase and is not sensitive to
thermal activation for incidence angles below 40◦. Taken together, these observations again
indicate a strong non-thermal smoothing mechanism which is not adequately explained by
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 1000 K
   300 K
FIG. 10: The wavelength-angle phase diagram for sapphire ripples produced by 600 eV Ar+ bom-
bardment at different temperatures. The error bars are comparable to the height of the symbols.
The curves for `x based on Eqs. (2), (4), (8), (11) and (15) are compared with the measured ripples
wavelengths obtained at 300 K (solid line) and 1000 K (dashed line), respectively.
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V. DISCUSSION
The observations in the Secs. IV-B and IV-C indicate that the IVF and SD models fits
some of the trends of the wavelength dependence on experimentally accessible parameters.
However, some of the characteristics during the ripple formation are beyond the current
theories as described in Secs. IV-C and IV-D. Figure 7 shows that the obtained wavelength
for incidence angle lower than 40◦ spans a range of two orders of magnitude from 30 nm to 2
µm. Figures 8(c) and 8(d) confirm that ion incidence at 25◦ only produces surface features
at the larger scale. Furthermore, ion sputtering at normal incidence does not roughen the
surface at all from the onset of irradiation, which is confirmed by a real-time GISAXS study.
This is in contrast to the theoretical behavior which predicts that the ripple wavelength only
increases slightly as normal incidence is approached. If the nonlinear terms λx and λy are
introduced into the continuum equation describing the surface motion, kinetic roughening11
is expected in the region I of the phase diagram (when λx · λy > 0), but such roughening is
not observed. These unusual effects lead us to propose that there is an additional smoothing
mechanism that dominates the behavior near normal incidence.
We have considered the fact that the theoretical ripple wavelength is very sensitive to
the ion range d, so that a small (factor of two) uncertainty in d would have a large (order
of magnitude) effect on the calculated wavelength for certain models. A factor that is not
taken into account in SRIM simulations is the ion-channeling effect.32 Ion channeling in
crystalline surface layers would be strongest near low-index crystallographic directions, and
could potentially lead to an increase in ion range d near the [0001] axis, and a corresponding
increase in ripple wavelength. Based on RHEED analysis of sapphire surfaces after ion
bombardment at different temperatures, there is a striking increase in surface order at
higher substrate temperatures, and we would expect a stronger channeling effect for the
experiments at high temperatures than at low temperatures. However, Fig. 10 does not
show any effect of temperature at the lowest angles of incidence, effectively refuting this
idea. Furthermore, the cutoff of ion-channeling by a low energy threshold in the range
between 0.1-1 keV may weaken its possible influence on the formation of erosion patterns.33
It is conceivable that the ion bombardment of the surface could change the composition
of the surface, which would have an unknown effect on roughening and smoothing mecha-
nisms. However, Gauthier et al. have performed an extensive search for surface composition
24
changes on sapphire induced by ion bombardment, and have found that the surface is un-
changed.34 Therefore, this effect is not likely to have an important effect on the observed
ripple wavelengths.
Another important factor that is not taken into consideration by current models to explain
surface morphology created by ion sputtering is ion impact induced lateral mass redistri-
bution.4,35,36 It is a surface smoothing process that is different from the SD, SES, or IVF
relaxation mechanisms previously discussed. Impact-induced downhill currents have been
identified as the driving force underlying the ultra-smoothness of surfaces resulting from ion
assisted film deposition.36 The ion induced lateral currents gives rise to curvature depen-
dent (∂2h/∂x2, ∂2h/∂y2) smoothing terms, which can weaken or even cancel the curvature
dependent roughening term in Eq. (1) [see Eq. (6) in Ref. 4]. No ripples can form under
conditions where this type of smoothing term is dominant, since the wavelength dependence
exactly matches that of the prevailing roughening mechanism. Thus, the idea that this ad-
ditional smoothing mechanism plays a role at low angles of incidence provides a route which
may explain the anomalous wavelength-angle phase diagram in Fig. 7. We also note that
the lateral current term is expected to be strongest at low angles of incidence.4
The behavior of the ripple formation at high temperature can be explained reasonably by
the SD model. However, another important fact observed in our experiments, but not dis-
cussed above, is that thermal annealing at 1000 K without ion irradiation does not produce
any distinguishable decay of the amplitude of as-prepared ripples, in contrast with previous
studies on Si and Ag surfaces.37,38 This indicates that the surface smoothing at high tem-
perature is not by a type of surface diffusion that is purely thermally activated. Rather, it
is likely to involve to the creation of mobile species on the surface during ion bombardment.
Further work on the flux dependence of the `x at high temperature will assist us in clari-
fying the dominant creation process for mobile species underlying the ion-enhanced surface
diffusion.2
VI. SUMMARY
In summary, the formation and characteristics of ripple morphologies on sapphire
surfaces produced by ion sputtering are systematically investigated by in-situ GISAXS
and ex-situ AFM. The ripple wavelength can be modulated effectively in a wide range of
25
20 to 2000 nm by changing the ion incidence angle, ion energy and temperature. This
phenomenon provides an easy route to fabricate nanostructured surfaces for exploring novel
nanoscale phenomenon. The IVF and SD smoothing mechanisms are shown to play an
important role in the formation of the sapphire ripple structure. The possible importance
of impact-induced lateral currents as a smoothing mechanism should also be investigated
further.
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Ion erosion of solid surfaces is known to produce a variety of surface mor-
phologies, such as self-organized patterns composed of highly correlated ar-
rays of dots or ripples. One effect of considerable practical importance is that
of surface smoothing of nanometer features during etching or film deposition
using energetic species. We have investigated pattern formation and smoothing
during Ar+ ion erosion of Al2O3 and SiO2 surfaces. We present an experiment
showing that ion smoothing of a patterned surface is explained by a mecha-
nism where collisions with near-surface atoms produce an effective downhill
current. Quantitative agreement is obtained using ion-collision simulations to
compute the magnitude of the surface current. The results lead to predictions
for the surface morphology phase diagram as a function of ion energy and
incidence angle that substantially agree with experimental results.
1
The mechanisms of spontaneous pattern formation (ripples, dots) during ion bombardment
in the energy range 0.5 − 10 keV have been studied by a number of authors (1–12). The
phenomenon is currently understood as arising from a competition between roughening and
smoothing mechanisms. However, in certain cases, a pronounced non-thermal smoothing effect
is observed, which overwhelms all roughening effects. This phenomenon has been termed “ion
polishing” in the context of amorphous thin film deposition, and has many possible applications
in the fabrication of thin film devices with ultra-smooth surfaces and interfaces. An early exam-
ple is the work of Spiller et al., who used grazing incidence ion polishing after the deposition
of each layer in a RhRu/C multilayer mirror to produce mirrors with higher reflectivity than
those fabricated without the smoothing step (13). More recently, Carter et al. have observed a
curious lack of roughening of Si surfaces during ion etching at near normal incidence, and have
suggested that a “downhill current” induced by ion collisions with surface atoms is responsi-
ble for preventing roughness from building up (3). We will use this idea as the basis for the
model that we develop in this paper. A very similar phenomenon is observed during thin film
deposition with coincident ion or energetic particle bombardment. For example, Moesler et al.
have recently performed a Molecular Dynamics study in which the downhill current mechanism
was implicated for the the ”ultra-smoothness” of tetrahedral amorphous carbon and silicon thin
films deposited at normal incidence from energetic C or Si atoms (14).
Currently, high quality experimental data is lacking concerning smoothing mechanisms in
these cases. We have found that either pattern formation or smoothing can be produced on sap-
phire surfaces, and that one or the other can be selected simply by changing the ion incidence
angle by 10-20 degrees (15). In this paper, we make use of the patterning effect as an easy
route to fabricate a rippled surface morphology on sapphire with a specific surface wavelength.
2
The nanoscale pattern thus produced is smoothed out by ion bombardment at a different angle
closer to normal incidence. This leads to a version of a classic experiment where surface corru-
gations of different wavelengths are observed to relax at different rates (16). However, we use
ion beam smoothing rather than thermal smoothing, as was usually done, and we use a sponta-
neously formed pattern rather than one produced by conventional lithography. We discuss the
specific cases of Al2O3 and SiO2, however the resulting theory is applicable to many surfaces
that become amorphous during ion bombardment, but that maintain the composition of the bulk
material.
Real time monitoring of Al2O3 surface evolution upon ion beam erosion is carried out in
a custom-built surface x-ray ultra-high vacuum chamber compatible with a synchrotron x-ray
beamline. A schematic diagram of the experiment is shown in Figure 1, and a photograph of
the experimental arrangement is shown in Figure S1. For smoothing, the incoming ion beam is
directed along the surface normal, which is the z-axis of the coordinate system for the experi-
ment. The y axis is along the projection of the incident x-ray beam onto the surface. Grazing
incidence small angle x-ray scattering (GISAXS) is employed, where the incidence angle of the
x-ray beam is fixed at αi = 0.2◦, near the critical angle for total external reflection. A linear
position sensitive detector is oriented in the plane of the surface, so that the surface x-ray diffuse
scattering can be monitored in real time. The vectors ki and kf are defined as the wave vectors
of the incoming and scattered x rays, respectively. The components of the scattering momentum
transfer (Q = kf−ki) are determined by the angle of incidence αi, the exit angle αf , and by the
in-plane angle ψ. The channels of the linear detector are oriented at various ψ angles, and hence
at different values of Qx. Two data collection modes are used for the GISAXS measurements:
(i) 2D GISAXS reciprocal-space maps are acquired by varying αf through the range 0.3◦ to
1.8◦. This αf scan closely approximates a Qz vs. Qx reciprocal map of the diffuse scattering
















Figure 1: Schematic diagram of the experiment showing the coordinate system used for the
x-ray scattering measurements and the relevant scattering angles.
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are recorded in a fixed geometry with αf = 0.8◦. The time-resolved data is the main result of
this paper.
An initially rough Al2O3 surface with a near sinusoid profile (a single wave mode ripple) is
chosen as a model system to investigate the ultra-smoothing and for quantitative evaluation of
smoothing coefficients. The ripple pattern is produced by 45◦ off-normal incidence Ar+ ions at
600 eV, where the off-normal incidence is in the x-z plane, as detailed in our previous study (15).
An atomic force microscope (AFM) image of the patterned starting surface of Al2O3 is shown
in Fig. 2, which reveals a wavy ripple morphology across the entire image. A wavelength ` of
32 ± 2 nm with an average ripple amplitude of 1.0 nm is obtained from the linear cross section
analysis.
The rippled surface is further bombarded by a normal incidence Ar+ ion beam at 300 eV
with an ion fluence up to 5.4×1017/cm2. Figure 3(A) displays the post-impact surface morphol-
ogy, and can be compared directly with the pre-impact morphology in Fig. 3(B). The ripple
pattern disappears, and a surface with an RMS roughness of 0.09 nm is obtained. This illus-
trates clearly that normal incidence ion impact produces a net smoothing effect, even on an
initially rough Al2O3 surface. Figure 4(A) displays a 2D GISAXS map of the rippled Al2O3
surface corresponding to Fig. 3(A). First and second order satellite streaks are observed, indi-
cating a strong surface ordering perpendicular to the direction of incident x rays. In contrast,
Figure 4(B) displays the post-impact 2D GISAXS pattern. The smooth Al2O3 surface produces
a single peak at Qx = 0 in the diffuse scattering.
The wide range in parallel scattering momentum transfer, ∆Qx ≈ ±0.8 nm−1, enables real
time monitoring during normal incidence ion beam smoothing. Figure 5 shows a real time
GISAXS time series of the smoothing process, where the data collection time interval are 1 s.
Each time slice is at the same vertical component of the scattering momentum transfer Qz =
0.92 nm−1. Note that in Fig. 5(B) the satellite peak intensity decreases but the peak position is
5
Figure 2: Surface morphology of an initially rough Al2O3 surface before ion beam erosion
smoothing. AFM images display a pre-patterned Al2O3 surface with a wavelength of 32 nm




Figure 3: Surface morphology of an initially rough Al2O3 surface before and after ion beam
erosion smoothing. AFM images display (A) a pre-patterned Al2O3 surface and (B) an ultra-
smooth Al2O3 surface after normal incidence ion impacts. The scale bar represents 100 nm in
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Figure 4: Reciprocal space representation of an initially rough Al2O3 surface before and after
ion beam erosion smoothing. The incident x rays are along the ridge of ripples. 2D-GISAXS
mesh scans display (A) highly correlated surface heights of the pre-patterned Al2O3 surface,
corresponding to Fig. 3(A); and (B) the smooth surface, corresponding to Fig. 3(B). The bar of
color shades represents the logarithmical scaled intensity.
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unchanged upon irradiation. This indicates that the rippled surface is smoothed while preserving
the ripple wavelength, enabling us to directly determine the smoothing coefficient from the
ripple amplitude decay.
The linear theory indicates that the 1-D height evolution of an ion beam-eroded surface can
be described by a Langevin equation including operative ion-induced effects:
∂h(x, t)
∂t
= νx∇2h(x, t)−Kx∇4h(x, t) + η(x, t) , (1)
〈η(x, t)〉 = 0, 〈η(x, t)η(x′, t′)〉 = Jion
n2
δ(x− x′)δ(t− t′) . (2)
The average erosion rate can be neglected in Equation (1). Then the surface height h is in a
coordinate system that moves with the average surface during the erosion process. The co-
efficient νx represents the curvature-dependent surface stability (instability) term for positive
(negative) values of νx. The coefficient Kx represents surface smoothing mechanisms such as
surface diffusion or surface confined viscous flow that produce a ∇4h term in Eq. 1. η(x, t) is
a Gaussian white noise term related to random fluctuations, uncorrelated in space and time, in
the flux (Jion) of the incoming ions, while n is the substrate atomic density. The power spectral
density is directly proportional to the diffuse scattered intensity I(q, t) in a GISAXS geometry,




= (|h(q, 0)|2 − |h(q,∞)|2)e−2b(q)t + |h(q,∞)|2 (3)
|h(q,∞)|2 = 2Jion
n2b(q)
, b(q) = νq2 +Kq4 . (4)
where h(q,t) is the Fourier transform of surface height and q is the wavenumber of a surface
9
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Figure 5: Time-resolved GISAXS of normal incidence ion beam smoothing at room tempera-
ture. (A) An example of a GISAXS time series. The bar of color shades represents the loga-
rithmical scaled intensity. Each step with temporal resolution 1 s corresponds to a line slice in
a Qz-Qx map at a fixed Qz position of 0.92 nm−1. (B) GISAXS intensity Vs. Qx at different
time. 1 s corresponds the time spot of ion beam erosion on, and the ion source was shut off at
582 s when GISAXS does not display further distinguishable changes.
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ripple (2pi/`). The function b(q) represents the combination of all operative mass transport
mechanisms induced by ion erosion on the surface. In our experiments, we find that the surface
smoothing process is highly effective so that we can make the approximations h(q,∞) = 0,
and I(q, t) ∝ 〈|h(q, t)|2〉 = |h(q, 0)|2e−t/τ , where τ is the characteristic time of the smoothing
process .
Figure 6 displays surface smoothing of Al2O3 surfaces with different ripple wavenumbers at
an ion energy of 300 eV. The intensity of the first order satellite peaks is plotted as a function of
ion fluence (t Jion) for different pre-patterned ripple wavenumbers. The curves follow a decay-
ing exponential form, in good agreement with the prediction of linear theory. It is also clear that
normal incidence ion impacts smooth the surface more quickly at smaller length scales. The
characteristic ion fluence of smoothing (τ Jion) can be easily extracted by a simple exponential
decay fit for all curves in Fig. 6. The smoothing coefficient, represented as Λ = 1/(τ Jion), is
plotted as a function of wavenumber q in Fig. 7. We have b(q) = ΛJion/2 since 1/τ = 2b(q) from
Eqn. (3). If a single component power-law relation is assumed, the a fit to b(q) ∝ qp gives a
coefficient p = 2.17, which is close to p = 2. This indicates unambiguously that a q2 dependent
smoothing mechanism is dominant on Al2O3 surfaces.
Figure 7 shows the result of a multiple-component power-law fit combining p = 2 and p = 4
terms. The fit gives ν = 0.41 nm2/s and K = 2.16 nm4/s for 300 eV ion beam polishing. We
note that thermally activated surface relaxation on Al2O3 is expected to be negligible at room
temperature, so that mechanisms such as surface diffusion may be ignored. The non-negligible
value of K is attributed to ion-enhanced surface confined viscous flow (8). Hence we refer to it
as KIV F below.
The ion energy (ε) dependence of ultra-smoothing is further investigated on a pre-patterned
rippled Al2O3 surfaces, each with a wavelength of 30 nm. The integrated intensity of first order











































Figure 6: The evolution of first order satellite peak intensity versus ion flux for samples with
various ripple wavelengths, ranging from 21 nm to 110 nm. The Ar+ ion beam energy was 300
























Figure 7: The dependence of smoothing coefficient (Λ) on ripple wavenumber q, where the
smoothing coefficient is derived from the slopes of the curves in Fig. 6. The curve in Fig. 7 is
a two component power law fit with q2 and q4 terms.
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energy impacts smooth the initially rough surfaces more quickly than lower ones. The measured
smoothing coefficient Λ is plotted as a function of ion energy in Fig. 9.
As mentioned above, a q4-dependent smoothing mechanism is suggested by previous stud-
ies of ripple formation on Al2O3 and SiO2 surfaces, which is attributed to surface confined
ion-enhanced viscous flow (IVF) (8,15). This smoothing, in combination with the q2-dependent
surface instability induced by curvature-dependent erosion (CDE) from classic sputtering theory
always produces pattern formation regardless of the strength of q4-dependent smoothing mech-
anism (5, 17, 18). This is because a stable ripple wavelength can always be obtained through
minimization of b(q) to find the wavenumber that grows most rapidly, as long as νCDE < 0 (in-
stability) and KIV F > 0 (smoothing). We emphasize that there is no way to produce smoothing
(i.e. b(q)> 0) over the entire spectrum (i.e. at all q) with only the IVF smoothing mechanism
when νCDE < 0. Therefore, we consider an additional smoothing mechanism here, which is ion
impact induced lateral mass redistribution (ILC) (14,19). Since ILC gives rise to a q2 dependent
smoothing term with coefficient νILC , it weakens or even completely cancels the q2 dependent
roughening term νCDE at all values of q, and hence can produce a smooth, stable surface mor-
phology. The results reported above in Fig. 6 suggest that the smoothing does indeed have a q2
character, hence we are motivated to consider this mechanism further.
The magnitude of the ILC smoothing effect can be obtained from an analysis of the surface
collision dynamics. We have performed binary collision approximation (BCA) based Monte-
Carlo simulations of ion-matter collisions (20) in order to compute collision cascade induced
lateral displacements along the ion beam direction (dI,x, I=1,2....S) for each recoil atom near
a surface. The average displacement of all recoil atoms under impacts can be represented as
δrec,x=(
∑
I dI,x)/N, where N is the number of ion impact events. The ILC coefficient νILC,x
with units of nm2/s is evaluated to be (Jion/n) ∂δrec,x/∂θ. Note that there are no adjustable







































Figure 8: The evolution of first order satellite peak intensity for various ion energies ε, ranging















Figure 9: The dependence of experimental smoothing coefficient Λ (square markers) on ion
energy as compared to the calculated values based on the ILC model. The solid and dashed
curves in the inset are explained in the main text.
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The smoothing coefficient Λ versus ion energy, which is based on the computation described
above, is drawn as a dashed curve in Fig. 9. This computational result deviates somewhat
from the experimental observations. The agreement can be improved by also taking the IVF
surface-confined viscous flow term into consideration. The solid curve in Fig. 9 includes the
effects of relaxation by both mechanisms, and is in excellent agreement with the experimental
measurements, except at the lowest energy of 300 eV. The deviation at low energy indicates that
the BCA-based simulations underestimate the ion-impact-induced smoothing strength (21).
Having established the veracity of the ILC term in the refined model, we will apply it to pre-
dict surface morphologies of ion beam eroded surfaces. The observed wavelength-angle phase
diagram for sapphire ripples produced by 600 eV Ar+ bombardment at room temperature is dis-
played in Fig. 10. We have previously found that the IVF mechanism fails to explain the rapid
increase of wavelength near 20◦ or the existence of a smooth region near normal incidence (15).
However, the additional effect of the ILC mechanism when combined with IVF smoothing and
the CDE instability provides a compelling physical explanation of the experimental observa-
tions, as follows: If a new surface curvature dependent ∇2h term with coefficient νILC,x is





|νCDE,x + νILC,x| , (νCDE,x + νILC,x) < 0 (5)
∞, (νCDE,x + νILC,x) ≥ 0 .
where νCDE,x and νILC,x are both implicitly a function of the angle of incidence. A similar
equation exists for `y, since generally, νx 6= νy for off-normal incidence. The coefficients for the




































Figure 10: Phase diagram of ripple wavelength vs. incidence angle for an Ar+ ion energy of
600 eV. The circle symbols are the experimental `x at room temperature. The error bars are
comparable to the height of the symbols. The solid curve and dashed curve are for the refined
model described in the main text, calculated from the IVF model with the supplement of the
suggested ILC terms. The solid line is for the `x oriented ripples, while the dashed line is for
the `y ripple orientation.
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computed using Monte-Carlo simulations, following the procedure that we have outlined above.
The calculated wavelength-angle phase diagram is displayed in Fig. 10, and compared with the
experimental data. There are four distinct regions in the phase diagram. Region I: (νCDE +
νILC) ≥ 0 for both x and y-directions. The (positive) ILC-driven smoothing term overwhelms
the (negative) curvature dependent erosion-induced instability. This smooth region spans from
normal incidence to an angle of incidence of about 25◦. Region II: (νCDE,x + νILC,x) < 0.
This region extends to oblique incidence near 70◦. The ripple with a wave vector parallel to
the projection of the ion beam onto the surface (`x) dominates the surface morphology in this
region. Near the region I/II boundary, the ripple wavelength increases rapidly to micrometer
length scale, as observed experimentally. Region III: This region is characterized by (νCDE,x +
νILC,x) ≥ 0 and (νCDE,y + νILC,y) < 0. The `x wavelength increases to infinity at the region
II/III boundary near 70◦. Thus, the `x type ripple disappears and the dominant ripple switches
to the y-direction. Region IV: (νCDE + νILC) ≥ 0 for both x- and y-directions. Neither type
of ripple is stable, since both νCDE,x and νCDE,y become effective smoothing terms when they
are positive. Another smooth region is predicted although shadowing effects, which are not
accounted for, may introduce an extra surface instability. Overall, the prediction of the refined
model is in striking agreement with experimental observations.
The mechanism of ultra-smoothing driven by ion bombardment-induced lateral currents is
also operative on SiO2 surfaces. Here, we will illustrate the effect. The pre-patterned SiO2
surface, as displayed in Fig. 11, has a ripple wavelength ` of 29 ± 2 nm with an average
ripple amplitude of 0.6 nm. The rippled surface is then bombarded by a normal incidence Ar+
ion beam at 400 eV with an ion fluence of 5.4×1017/cm2. Figure 11(B) displays the post-
bombardment surface morphology. The ripple pattern disappears and a featureless surface with
an RMS roughness of 0.12 nm is obtained. Simulations based on the atomistic model presented
above have also been performed (Fig. S2) to predict the range of the ILC-driven ultra-smoothing
19
A B
Figure 11: (A) A pre-patterned SiO2 surface with a wavelength of 29 nm and average amplitude
of 0.6 nm formed by 45◦ oblique incidence ion beam erosion at 500 eV. (B) an ultra-smooth
SiO2 surface with a RMS roughness of 0.12 nm after normal incidence ion beam smoothing at
400 eV. The scale bars represent 100 nm, and both images are 500 nm × 500 nm.
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on SiO2 surfaces.
Finally, we note that several recent experimental studies of pattern formation induced by
ion bombardment near normal incidence have observed that no pattern is formed near normal
incidence for either diamond or silicon surfaces at room temperature (22–24). Therefore, the
effect that we have discussed is likely to be of general importance beyond the realm of simple
oxides. In theory, ion-impact induced downhill currents will be a dominant mechanism for any
amorphous material system in cases where there are no strong surface instability mechanisms
present, such as preferential sputtering, seeding, or shadowing (7, 24, 25). The effect is also
expected to be important for many crystalline systems during epitaxial growth when energetic
particle bombardment is coincident with the deposition.
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Bombardment of solid surface by energetic species, especially positively charged ion
beams, is known to induce spontaneously topographical surface patterns. Although
usually unwelcome in applications of surface analysis, depth profiling, surface cleaning
and micromachining, those self-organized patterns often compose of highly correlated
arrays of dots or ripples which have demonstrated the potential as templates for
low dimensional submicron/nano structures for optoelectronic and spintronic appli-
cations.
In my disseration, the mechanisms of spontaneous ripple formation on sapphire
during ion bombardment have been studied systematically. Surface characterization
by in-situ synchrotron GISAXS and ex-situ AFM is performed in order to study the
wavelength tunability of ripples depending on conditions of ion beam erosion. In the
range of ion energy 300 - 2000 eV, I find that the wavelength increases with ion energy
at low temperature. Also I find that the wavelength can be varied over a remarkably
wide range – nearly two orders of magnitude – by changing the ion incidence angle.
The asymmetric shape observed in GISAXS patterns of as-formed ripples is attributed
to the onset of nonlinear effects, disputing an interpretation of shadowing effects.
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The ripple formation is currently understood as arising from a competition between
roughening and smoothing mechanisms. Within the linear theory regime, the ion
induced viscous flow smoothing mechanism explains the general trends of the ripple
wavelength at low temperature and incidence angles larger than 30◦. In this model,
relaxation is confined to a few-nm thick damaged surface layer. The behaviors at
high temperature that the wavelength increases with temperature following Arrhenius
type thermal activation and decreases with ion energy suggest relaxation by surface
diffusion. However, strong smoothing is inferred from the observed ripple wavelength
near normal incidence, which is not consistent with either surface diffusion or viscous
flow relaxation.
In order to further investigate the anomalous smoothing mechanism near normal
incidence, I take pre-patterned rough surface instead of flat surface as the starting
point. Thus, I make use of the self-organized patterning effect as an easy route to fab-
ricate a rippled surface morphology on sapphire with a specific surface wavelength.
The nanoscale pattern thus produced, is smoothed out by ion bombardment at a
different angle closer to normal incidence rather than thermal smoothing, as was usu-
ally done. This leads to a modified version of a classic experiment where surface
corrugations of different wavelengths produced by conventional lithography are ob-
served to relax at different rates. High quality real-time GISAXS experiments are
presented showing that ion smoothing of a pre-patterned surface near normal inci-
dence is dominated by a square dependence on ripple wave number (q2) and follows
a linear dependence on ion energy. It is suggested that an effective lateral current
induced by ion collisions with surface atoms is responsible for these effects. Quantita-
tive agreement is obtained using ion-collision simulations to compute the magnitude
of the surface current. The results lead to predictions for the surface morphology
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phase diagram as a function of ion beam energy and incidence angle that substan-
tially agree with experimental observations. The results are applicable to different
amorphous surfaces, such as the specific case of SiO2 discussed in my dissertation.
However, the smoothing model should be applicable to many other systems that be-
come amorphous during ion bombardment, but that maintain the composition of the
bulk material. In a wider view of materials growth instead of removal, this smooth-
ing model can further explain ultra-smooth surfaces and interfaces obtained in the
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The majority of experiments, for my dissertation research, on surface morphology
evolution of ion-beam-eroded sapphire were conducted in the custom surface x-ray
ultra-high vacuum (UHV) system installed in the beamline X21A1 at National Syn-
chrotron Light Source (NSLS) at Brookhaven National Laboratory. This appendix
describes briefly the features of beamline setup and the design of some key compo-
nents of the surface x-ray UHV system.
A1: Beamline layout
The NSLS has a 2.8 GeV electron storage ring with a circumference of 170 m, which
has a maximum stored current of 300 mA. The electron trajectory in the storage ring is
controlled by 30 bending magnets and a large number of focussing magnets. Between
the bending magnets 6 positions are available for insertion devices (undulators and
wiggelers). The source can yield a photon beam of high brilliance with 1014-1015
photons/s/mm2/0.1 bandwidth, which is widely used in various fields of research:
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physics, materials science, chemistry, biology, and medicine, etc.
The beamline X21A1 at NSLS is designed appropriately for surface scattering/diffraction
study of thin film growth and surface processes in real-time and in-situ because of its
high-flux 27-pole wiggler source, its large size end station and long distance from the
source. X21 is a hybrid wiggler beamline with 13 periods, which holds a monochro-
mator with interchangeable Si(111) and multilayers elements. The two sets of crystals
sit side-by-side on the same spindle and with their first crystals that reflect the white
beam cryogenically cooled by a cold helium gas refrigerator to near 70 K, where
the thermal conductivity of silicon is high and its thermal expansion coefficient is
low, therefore improving beam stability against heat load variation on the monochro-
mator. A toroidal mirror is also installed to deliver monochromatic beam into the
downstream end station. (Yang 2005)
The overall X21 beamline layout is shown in Figure A.1. The x-ray energy is
selected by the Si/multilayer monochromator from 7 keV to 20 KeV, which is located
at 14 m from the source (position A). For the measurements in which the energy
resolution is important (e.g. anomalous scattering), the Si(111) crystals are used. On
the other hand, when higher x-ray flux is desirable, the ML elements can be used to
give a 50x increase in beam intensity at the expense of broader energy resolution. The
measured x-ray flux is shown in Figure A.2. (Yang 2005) The toroial mirror is located
at 19 m from the source (position B), which is bendable in the meridional direction
so that the monochromatic beam can be focused at different locations. In order to
minimize the background scattering from in the instrument itself, the actual beam
size and divergence are defined by three sets of high-precision, vacuum-compatible
slits (S1-S3) and the x-ray beam is focused on the sample position . The slits all have














Figure A.1: The schematic layout of synchrotron beamline X21 at NSLS for surface
scattering/diffraction. The numbers on the scaler are the distance (meters) from the
source. A: monochromator. B: mirror. C: attenuator. D: S1. E: S2. F: S3. G:
beam stop. An ionization chamber is attached to S3 for beam monitor. H: sample
manipulator. I: linear detector. The shaded areas represent the experimental stations.
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(position D, E, and F, respectively). The first two sets of slits are normally set wide
open, while the last slits is set at 0.5 mm × 0.5 mm to define the final shape and
size of the beams at the sample. The photon flux can be adjusted by the attenuator
located just upstream of S1 and monitored after S3 by an ionization chamber (1 m
upstream of the sample) that measures the photon-induced air ionization. All beam
paths before S3 are under vacuum maintained at 10−2 mbar.
A2: End station
As illustrated in Figure A1, the end station in X21 is composed of the surface scatter-
ing/diffraction setup (position H) and the detectors (position I)between S3 and the
beam stop (position G). The surface scattering/diffraction setup, as shown in Figure
A.3, consists of an ultrahigh-vacuum chamber coupled to a diffractometer.
The incoming x-ray beams penetrating without absorption through a rectangular
Be window upstream of the chamber are scattered/diffracted by the sample under
study. After another Be window downstream of the chamber, the scattered/diffracted
beams pass through a vacuumed flight path which is equipped with two sets of slits
on both ends, as shown in Figure A.3. The first one is adjusted to minimize the
background scattering from Be window. The second set of slits is adjusted according
to the detector and the x-ray measurement type. For example, the vertical slits are
often kept open when a linear position sensitive detector (PSD) is used. On the other
hand, grazing incidence diffraction may require small vertical slit openings for better
angular resolution when an avalanche photo diode (APD) detector is used.
The UHV chamber and the detector assembly rest on the table which holds two
large Franke 91051A goniometers, one for the horizontal table rotation ν (motor
”nu”) and the other for the detector arm δ (motor ”del”). A custom designed sample
manipulator attached to the chamber can also be rotated independently with a polar
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Figure A.2: Full beam monochromatic x-ray flux using the Si(111) (red) and the
ML (blue) elements of the monochromator. The measurement is conducted using an
ionization chamber. Only one data point was measured for ML. The dashed line is
rescaled from Si(111) curve. The energy range when the ML is used is limited to 11


















Figure A.3: Photographic view of the setup in the end station of X21 at NSLS.
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angle ξ (rocking mode, motor ”zeta”) and an azimuthal angle θ (in-plane mode,
motor ”theta”). The combined rotations of the diffractometer table, detector arm and
sample manipulator, which are controlled using EPICS and SPEC software packages,
make the system equivalent to a conventional four-circle x-ray diffractometer though
the sample holder is placed vertically.
A3: UHV surface x-ray chamber
The UHV chamber based at X21 end station is custom designed enabling in-situ
and real-time synchrotron x-ray characterizations of thin film growth and surface
processing, such as molecular beam epitaxy (MBE), sputter deposition, ion beam
erosion, and pulsed laser deposition (PLD).
The UHV chamber was designed and visualized by SolidWork 3D tools, as shown
in Figure A.4. It can slide onto the diffractometer table and adjust position through
rails. Equipped with turbopump, the chamber can achieve a base vacuum of 2×10−10
torr after 72 hours baking at 150-200◦C. The pressure is monitored by a Pirani gauge
at low vacuum (atmosphere to 10−4 torr) and an ionization gauge at high vacuum
(10−5 to 10−11 torr), which are used as interlocks for protections of other components
of the vacuum system. The chamber is also equipped with a SRS RGA 200 quadrupole
mass spectrometer to analyze the residual gases.
The key component of the UHV surface x-ray system is the sample manipulator.
It is a custom design from Thermionics Corp. based on an RNN-150 rotary platform,
which can provide two motorized rotations precisely. One of rotations is performed
around the axis of a sample normal with an absolute accuracy of 180 arc seconds,
called as θ (theta). The other rotation is operated around the axis perpendicular
to the diffractometer table to change the incident and existent angles of the x-ray











Figure A.4: Solidwork 3D drawing of the surface x-ray UHV chamber installed at
the end station of NSLS-X21.
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pump to maintain the UHV condition when rotating. The sample manipulator has a
pyrolitic boron nitride (PBN) heated behind the removable sample holder, which heats
a sample surface up to 1200 K. The sample temperature is adjusted with an accuracy
of ± 10◦C by a Eurotherm controller and monitored by a K-type thermocouple and
an infrared pyrometer. At high temperatures, samples are held using two Mo clips
on a Mo round-shape platen. The samples are transported into the main chamber
through a load-lock chamber which is pumped down to 10−7 torr. A magnetic transfer
arm is used to mount the samples onto the sample manipulator.
Two Be windows welded onto rectangular flanges of the chamber are utilized to
allow the penetration of x-rays. The Be windows for the incident beam is positioned
horizontally with respect to the diffractometer table, while the Be window for the
existent beams is orthogonal to the first one. This design enables a wide range access
to out-of-plane and in-plane scattering geometry.
The chamber has numerous ports pointing towards the center of a sample surface,
which allows the simultaneous operation of different surface processes and character-
izations tools as shown in Figure A.4. Facing normal to the sample surface, ion beam
erosion is performed by either a 3-grid RF plasma ion source or a Phi model 04-192
sputter ion gun installed on a 8 inch conflat flange. The RF plasma ion source is oper-
ated at ion energies ranging from 300 eV to 1000 eV with a background Ar+ pressure
4×10−4 torr. The source produces an ion flux of 9×1014 to 2.4×1015 ions/cm2 s for
the operating conditions used in my dissertation research work. The irradiation size
of the ion beam with a uniform flux (3 cm) is large enough to cover the entire sample
surface. The Phi sputter ion gun is operated at ion energies from 500 eV to 2000 eV
at a flux of 1×1013 ions/cm2 s with a background Ar+ pressure 1×10−4 torr. The ion
source system can be interchanged with a dual-gun dc magnetron sputtering system
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with independently operating shutters for studies of sputter deposition or 3-holder
target manipulator equipped with self-rotation motors for studies of pulsed laser de-
position. The pulsed laser beams can be introduced into the chamber through a 4.5
inch tilted conflat flange on the top. One MBE effusion cell installed in a tilted port
on the bottom is available for studies of homoepitaxial growth of Ge(001). The MBE
source temperature is also adjusted up to with an accuracy of ± 10◦C by a Eurotherm
controller and monitored by a C-type thermocouple.
The chamber can also equipped with reflection high energy electron diffraction
(RHEED), which is used to determine surface crystallinity during surface processes.
A 20 keV differentially pump Staib Instruments RHEED gun is attached to a 2.75
inch port, which has 2◦ tilt with respect to the parallel of a sample surface allowing the
grazing incidence of the electron beams. A phosphor screen with a shutter is installed
on a symmetric 6 inch port. A CCD camera can be used to acquire the diffraction
patterns in real-time as a compliment to synchrotron x-ray scattering studies.
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Appendix B
Measurement geometry of x-ray
scattering
The schematic representation of the x-ray measurement geometry is shown in Figure
A.5. The z axis is always taken to be normal to the sample surface, and the y axis
along the projection of the incident x-ray beams onto the surface. ki and kf are the
wave vectors of the incoming and scattered x rays, respectively. The length of each
vector is 2pi/λ, where λ is the x-ray wavelength. The components of the scattering
momentum transfer Q = kf−ki can be expressed by the glancing angles of incidence
(αi) and exit (αf ) with respect to the surface (x-y plane), and the in-plane angles ψ


























Figure B.1: Schematic of the x-ray scattering geometry. The z-axis is always taken
to be normal to the sample surface, and the incident x-ray beam defines the y-z
plane. ki and kf represent the incident and scattered wave vectors, respectively. The
components (Qx, Qy and Qz) of the scattering momentum transfer Q = kf − ki are
defined by the glancing angles αi, αf and in-plane (x-y plane) angle ψ and θ. The
linear PSD is oriented with its long direction in the plane of the surface.
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According to the relationship between αi, αf , ψ and the diffractometer angles ν, ξ, δ
which is given by
αi = ν + ξ
tanαf = tan(−ξ)cosψ
sinδ = cosαfsinψ (B.2)
All the diffractometer angles can be calculated out for any position in the three
dimensional reciprocal space if at least one constraint is established among the four
angles (αi, αf , θ and ψ). For example, the incident angle αi is held fixed near the
critical angle for total external reflection in the case of grazing incidence small angle
scattering, or αi is set equal to αf in the case of specular reflection or diffraction.
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Appendix C
Matlab program for data readout
of linear detector
The surface x-ray scattering/diffraction system installed in X21 at NSLS is equipped
with a linear position sensitive detector for fast signal acquisition, which is composed
of a 320/384-channel linear array of avalanche photo diodes. The readout for the
linear detector data, which is specially formatted, can not be realized by conventional
on-site softwares such as C-plot. Thus, a simple Matlab program as shown in Table
C.1 is used instead for fast data extraction. It can load quickly the interest data into




fname=input('Enter the filename :');         % format .dat or .txt 
fname2=input('Enter the scan number you need:');   
% input like ' 5',   must put a space before the scan number 
tic %start system time counting 
fid =fopen(fname,'r'); 
data =fscanf(fid,'%c'); %load the whole data file as a long string 
fclose(fid);     
h=['#S',fname2]; 





c=size(data); %whole size of the string   how many characters totally 
while m<c(2) 
        if (data(m)=='@') & (data(m+1)=='A')    
          tp(i)=m+3;i=i+1;                     
% find the starting position of the linear detector data, respectively 
        end 
        if (data(m)=='@') & (data(m+1)=='B') 
          bt(j)=m-1;j=j+1;                     
% find the ending position of the linear detector data, respectively 
        end 




%find how many pixels of the linear detector are used 
d=size(tp); %find how many data groups of linear detector data, 
especially for real-time measurements 
for i=1:d(2) 
[Scandata(:,i),count,errmsg,nextindex] = 
sscanf(data(tp(i):bt(i)),'%f'); %extract data into the final Scandata 
matrix, ready for mesh plot or data analysis 
end 




Table C.1: Matlab program for data extraction of linear detector
104
Appendix D
Smoothing coefficients of ion
bombardment-induced lateral
current model
The bombardment-induced mass redistribution on or near surface, so called downhill
current or lateral current, plays very important role in modifying surface morphol-
ogy and affecting instability-induced self-organized patterning during ion beam ero-
sion. The coefficient νILC , which measures the strength of the smoothing effect, is
one of the key parameters to determine the wavelength-angle phase diagram of ion
bombardment-induced ripple formation. The expressions and derivations below give
out how the smoothing coefficient is defined.
Firstly, I reduce the derivation to x− z two dimensional case for simplicity. The
schematic representation of ion bombardment of arbitrary real surface is shown in
Fig. D.1. The Z axis is always taken to be normal to the average surface height, and
the x axis along the projection of the incident ion beams onto the surface. θ is the
angle of incidence of ion beams with respect to the average normal z. α is the angle
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Figure D.1: Schematic representation of ion bombardment of arbitrary real surface.
The solid curve represents a real surface with arbitrary lateral height undulations.
Red line with arrowhead marks an incoming ion. Black sphere marks a collision
cascade-induced recoil atom which preferentially displaces down the slope. θ: angle
of incidence with respect to average surface normal z. α: angle of local surface slope.
z′: local surface normal. The height different h(x,t) is between hill and average surface
height.
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corresponding to local surface slope, that is the angle between local surface normal
z′ and average surface normal z. Here, an angle clockwise with the average surface
normal z is assumed to be positive, otherwise negative (like shown in Fig. D.1, θ >
0, α < 0). Thus, the local incidence angle Ψ is defined as θ - α.
For a lateral undisturbed ideal flat surface, a single incoming ion hits the surface
and transfers its kinetic energy to those atoms beneath the surface. Collision cascades
will contribute a sum of atomic lateral displacements δrec,x in the system. Under the
flux of ion beams (Jion), the total displacements will generate a lateral current jrec,x
to induce mass-redistribution, so as to smooth the surface. The strength of jrec,x is
given by j rec,x = |jrec,x| = Jion δrec,x. δrec,x for a ideal flat surface could be obtained







δrec,x is a function of angle of incidence.
∑
recoils
(xf − xi) is the total recoil atom
displacements along the x-direction generated in a simulation at a certain angle of
incidence. Nion is the number of ion involved in the simulation.
For a real arbitrary surface, however, the disturbance of local surface morphology
need to be included in determining the effective lateral current. Under a small slope
approximation ∂h/∂x = tan(α) ≈ α, the effective lateral current jrec(Ψ) can be ex-
pressed by a Taylor expansion as,








α2 − · · · (D.2)
Since θ and α are in the sample plane, the relation ∂θ/∂α=1 can be obtained from
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If it is assumed that the lateral current smoothing mechanism dominates the surface






∇ · J(x, t) + η(x, t) (D.4)
where n is the atomic density of the substrate. η(x, t) is a Gaussian noise term related
to random fluctuations, uncorrelated in space and time, in the flux of the incoming
ions.


















It is reasonable to assume that the second term in r.h.s of Eqn. (D.5) is negligible




















Here, the lateral current smoothing mechanism contributes a positive curvature de-
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pendent term in equation of motion of surface height during ion beam erosion. The
smoothing coefficient νx,ILC is defined as Eqn. (D.7). The units of Jion and n are
ion/cm2/sec and atom/m3, respectively. The recoil atom displacement δrec,x could be










From SRIM simulations, it is found that δrec,x(θ) starts from zero, increases near
linearly with angle of incidence at low angles and then saturates at a high oblique
incidence angle for a certain ion energy. Thus, ∂δrec,x(θ)/∂θ, so as νx,ILC , exhibits the
largest at normal incidence and decreases with angle of incidence. Schematic plots
of angle of incidence-dependent lateral atomic displacement δrec,x(θ) and smoothing
coefficient νx,ILC are displayed in Fig D.2. |νx,ILC | competes with |νx,CDE|, the co-
efficient of erosion-induced roughening term which increases with angle of incidence.
The net coefficient |νx,CDE|-|νx,ILC | decides the phase diagram of ripple formation
parallel to the direction of the incidence ion beam.
On the basis of the derivation in the x-z plane as shown in Fig. D.1, the lateral
current induced smoothing can be easily extended to the three dimensional case. The
y-axis is chosen perpendicular to the x-z plane and the direction of incoming ions is
always orthogonal to the y-axis irrespective with θ. Thus, the lateral current along
the y-axis is only dependent on local surface slope (∂h/∂y). Analog to Eqn. (D.7),








where β is the angle corresponding to the local slope. Interesting to see that δrec,y






































Figure D.2: Schematic representation of the dependence of δrec,x(θ) and νx,ILC on
angle of incidence for a certain energy of ion bombardment. The smoothing coefficient
νx,ILC is proportional to the first derivative of lateral atomic displacement δrec,x(θ)
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is only a function of θ but independent of β, can also be obtained through SRIM




δrec,z cosβ (β → 0, cosβ → 1) (D.9)
The phase diagram of ripple formation perpendicular to the direction of the incidence
ion beam can also be calculated.
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Appendix E
Matlab program for data readout
of SRIM simulation
An ion-matter collision simulator SRIM2003 is utilized to provide key parameters
to characterize sputtering of target materials by energetic ions. Simple parameters,
such as ion penetration depth d, distribution width σ and µ, and sputter yield Y, can
be output directly through the simulator interface. However, detail information like
collision induced lateral atomic displacement need to be read out through a specific
way. A simple Matlab program as shown in Table E.1 is used to extract the interest
data (lateral displacements of collided atoms along the direction of incidence ion
beams) from the output document Collision.txt.
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clear all 
fname=input('Enter the filename :');           % format .dat or .txt 
fid =fopen(fname,'r'); 
data =fscanf(fid,'%c'); %load the whole data file as a long string 
fclose(fid);    





c=size(data); %whole size of the string   how many characters totally 
while m<c(2) 
if (data(m)=='Y')&(data(m+2)=='(')&(data(m+3)=='A')&(data(m+4)==')') 
          tpx(i)=m+80;i=i+1;                     
% find the starting position of the data for each collision-induced 
displacement in the x-direction   
          btx(j)=m+89;j=j+1;                     
% find the ending position of the data for each collision induced 
displacement in the x-direction 
end 
          m=m+1; 
end 




[Scandata,count,errmsg,nextindex] = sscanf(data(tpx(i):btx(i)),'%f'); 
for k=1:count 
     ax(b)=Scandata(k);  
% collecting the data of collision induced displacements in the x-
direction into the single row array 
    b=b+1; 
end 
end 
ax=ax';  % transfer from a row to a column  
toc   % stop system time counting 
 
 
Table E.1: Matlab program for data extraction of SRIM simulations on lateral
displacements of collided atoms
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Appendix F
Parameters for calculations of
ripple formation phase diagram
The characteristic phase diagram for sapphire ripples produced by ion beam erosion,
such as surface instability terms (νx, νy) and ripple wavelength (`x, `y) versus angles
of incidence (θ), can be calculated according to theoretical approaches described in
Chapters 1-3 (such as Eqs. (4)-(11) in the article I and Eqn. (5) in the article II).
In order to produce the wavelength-angle phase diagrams, several variables in the ex-
pressions of `x, and `y were calculated using SRIM-2003 simulations, including the ion
penetration depth d, the sputter yield Y(θ), and the widths of the deposited energy
distribution, σ and µ. The energy of Ar+ ion beam is chosen as 600 eV. The angle of
incidence-dependent sputter yield of sapphire is displayed in Fig. F1. Y(θ) increases
with angle and then peaks at a large oblique incidence angle. It is noticed that the
phase diagram boundary and the ripple wavelength are very sensitive to the change
of simulated parameters, so that a small (within a factor of two) uncertainty in such
as d, dσ, dµ and Y would have a large effect on the calculated phase diagram for
certain models. In the article II, the supplement of the ILC model to the IVF model
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Figure F.1: The dependence of sputter yield Y(θ) of sapphire on angle of incidence.
The energy of Ar+ ion beam is 600 eV
can provide a satisfactory physical explanation to experimental observations. Fine
adjustments within the uncertainty of SRIM simulation to those simulated results are
needed in order to make the calculated phase diagram fit the trend of experimental
data the most. The comparison of simulated results and refined parameter for calcu-
lations of the ripple phase diagram at 300 K for the case of 600 eV ion beam erosion
are listed in Table F.1.
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 Parameters Ion 
penetration 
depth d (A) 
Deposition 
longitudinal 
width σ (A) 
Deposition 
lateral 




Simulated 16 6 5 Y dσ = 2.67 
dµ = 3.2 
Refined* 21 6.25 5.1 1.21×Y dσ = 3.36 
dµ = 4.1 
 * The value of Y decides the range of angles of incidence within which ripples 
can form; the value of dσ and dµ decide the positions of phase boundaries. 
Table F.1: Parameters for calculations of wavelength-angle phase diagram of the




Ion Tech ion source flux calibration
Ion flux is a very important experimental parameter which can be used to modify
surface morphologies induced by ion beam erosion. The accurate determination of
the ion flux generated by a specific ion source is highly needed for acquiring the
information like ion fluence (ion dose) on eroded surfaces, which can be used to
estimate the amount of materials removal and generation of defects.
The ion source used for the most of my thesis research is a 3-grid RF plasma ion
source with a 3 cm irradiation size. The RF plasma ion source is operated at ion
energies ranging from 200 eV to 1000 eV with a background Ar+ pressure 4×10−4
torr. A custom Faraday cup installed in the UHV chamber is employed to measure
the ion current with the ion source on at a chosen ion energy. Conditions for ion
current measurements: working gas ratio fixed (Source 4 sccm Ar+: PBN 2 sccm
Ar+); working pressure 410-4 Torr; controller beam current setting 20 mA (adjust
RF power to keep beam current the same for different chosen ion energies); cup
shield biased -30 V. The pinhole diameter of the Faraday Cup is 0.94 mm. Thus,
the energy-dependent ion flux of the Ion Tech ion source can be obtained via the ion






























200 90 -400 2 20 0.412 0.477 0.43 
300 87 -200 2 20 0.843 0.975 0.89 
400 82 -150 1 20 1.278 1.509 1.36 
500 80 -5 0 20 2 2.28 2.05 
600 73 -3 0 20 2.3 2.63 2.39 
700 67 0 0 20 2 2.23 2.01 
800 62 0 0 20 1.63 1.77 1.59 
900 62 0 0 20 1.5 1.61 1.45 
1000 62 0 0 20 1.42 1.52 1.37 





























Figure G.1: Ion flux measurements of Ion Tech ion source. The table lists all tunable
parameters on the ion source controller, the measured ion current and ion flux for
different ion energies. The energy-dependent ion flux is presented.
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the measured ion current, further the ion flux for different ion energies. The energy-
dependent ion flux is displayed in Fig. G.1. The ion flux increases rapidly with ion
energy, peaks at 600 eV and then decreases slowly at higher energies. This feature
may be related to the design and grid geometry of the source itself.
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